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The termite, Reticulitermes flavipes, is a eusocial insect with the ability to utilize a
nutrient-poor diet as its sole food source. The ability of this insect to survive on this diet is
strongly dependent upon its microbiota residing in the hindgut. These symbionts are single-cell
eukaryotic protists, bacteria, and archaea. Although the bacterial community in the hindgut is
complex existing of hundreds of OTUs, it is robust and homogenous throughout a colony as a
result of trophallaxis. To better understand the avenues of importance of this tripartite symbiosis,
a series of metagenomics and metatranscriptomics studies were performed.
A 16S rRNA gene sequencing analysis of termites from multiple colonies and castes was
performed. The core microbiota was found to consist of 17 taxa and consistent in relative
abundance across multiple colonies, but the overall microbiota was different among multiple
colonies. The bacterial and protist populations were compared among multiple castes and shown
to differ, suggesting differences in caste diet causes change in the hindgut community.
A temporal dietary study was performed on termites with different food sources and showed a
temporal shift in the hindgut microbiota with each food source causing a different shift. Artificial
neural network (ANN) analysis on the bacterial abundance data was used to create a prediction
model for the microbial community and determine highly correlated taxa. The ANN suggests

Jacquelynn Benjamino—University of Connecticut, 2017
that it may be the low-abundant taxa driving the microbial community instead of the assumed
higher-abundant organisms.
Single protist cells were isolated from the hindgut and after total nucleic acids
amplification of the protists and associated bacteria, the metagenomes and metatranscriptomes
were sequenced and analyzed. Metabolic expression was determined for endosymbiotic bacteria
of Pyrsonympha vertens and Trichonympha agilis protists. Symbiotic-specific genes were found
along with differential gene expression between the two bacteria, coinciding with different
protist niches.
The data produced in this thesis adds to the knowledge of termite symbioses and provides
the first description of a termite core microbiota, evidence for the driving force of low abundant
bacteria through ANN, and a metatranscriptomics view into the protist-bacterial symbiosis
within the overall termite symbiosis.
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Chapter One
Introduction
Beneficial Symbioses
Bacteria can thrive in many states such as free-living organisms, pathogens and
symbionts. Bacterial symbioses are important for many eukaryotic organisms ranging from
bacteria aiding in the fertility of the tsetse fly (Pais et al., 2008) to the complexities of the human
microbiome in maintaining human health (Human Microbiome Project Consortium, 2012;
Quigley, 2017). The interactions within the gut is one important facet of host-bacterial
symbiosis. Symbiotic gut bacteria aid in digestion and nutrient release of consumed foods and
provide vitamins for the eukaryotic host (Gündüz & Douglas, 2009), and a dysbiosis in the gut
microbiome has been shown to contribute to diseases such as asthma, diabetes, and Chron’s
disease (Quigley, 2017). It has been shown in humans, that different diets such as a high animal
fat diet or high carbohydrate diet dictate the composition of bacterial community in the gut,
consisting of high Bacteroidetes and high Prevotella, respectively(Wu et al., 2011). Invertebrates
such as the medicinal leech, Hirudo verbena, also rely on symbiotic bacteria in the gut to aid in
digestion and provide nutrients (Bomar & Graf, 2012; Maltz et al., 2014), which is especially
important because the food source is a nutrient-poor blood meal. Most termites also feed
exclusively on a nutrient-poor wood diet (Ohkuma, 2003).

Termite Biology
Termites are eusocial insects that live in large colonies made up of multiple castes, each
caste performing a specific function for the colony as a whole. Termite eggs develop into
nymphs, which can further develop into three casts: workers, soldiers, and reproductives. Upon
1

molting into a soldier, the termites primary function is to defend the colony from intruders such
as predators and termites from other colonies. Reproductive termites develop wings and become
alates, which exit the nest and can potentially develop into kings and queens. Alates do not feed
once they develop wings and rely on their fat body for nutrition until a new colony is established
and they molt into a king or queen (Costa-Leonardo et al., 2013). The king and reproductive
queen are necessary for the establishment of a new colony. (Thorne et al., 2010) Nymphs that
molt into workers perform the job of feeding on wood and feeding other members of the colony
via stomodeal and proctodeal trophallaxis. This is especially important for soldiers because they
cannot consume wood due to mandibles that are enlarged for defense purposes. The process of
intra-colony feeding is also important when considering the gut microbiota; as termites exchange
partially digested food, they are also exchanging their microbial partners, which creates a
homogenous microbial population within a colony (Benjamino & Graf, 2016; Hongoh et al.,
2005; Minkley et al., 2006). This homogenous microbial community can be used to distinguish
between nestmates and termite intruders from other colonies (Matsuura, 2001).
There are a number of termite species, divided into two main phylogenetic categories,
lower and higher termites that harbor distinct groups of organisms in their hindgut (Ohkuma,
2008). It has been found that termites descended from blattid cockroaches between 150-170
million years ago, when termites (Isoptera) acquired cellulolytic flagellates (lower termites)
(Bourguignon et al., 2015). Around 50 million years ago, higher termites evolved that lost the
ability to harbor flagellates but retained bacteria and archaea in the hindgut (Bourguignon et al.,
2015). These higher termites adjusted feeding habits to accommodate the inability to digest
cellulose and lignocellulose, feeding on fungus, soil humus, and leaf litter (Ohkuma, 2008).
Higher termites are widely studied for their gut microbiota’s ability to produce methane which is

2

due to the large population of methanogens living in the hindgut (Deevong et al., 2004).
Methanogens are also present in lower termites, but at much lower numbers causing the termites
to be less efficient at emitting methane (Brauman et al., 2001). Major bacterial phyla found in
higher termites include Bacteroidetes, Firmicutes, Spirochaetes, Proteobacteria, TG3 phylum,
Fibrobacteres, along with other low abundant taxa (Dietrich et al., 2014).
Lower termites have been well-studied in regards to the phylogenetic relationship
between the termites and their protist symbionts. Cospeciation between the termite family
Rhinotermitidae and the protist genus Pseudotrichonympha has been shown (Tai et al., 2015).
Further, cospeciation was found between the Pseudotrichonympha protist and its endosymbiont,
Bacteroidales (Noda et al., 2007). Another important facet of lower termite biology is the ability
to utilize recalcitrant wood as a food source, which is made possible by the tripartite symbiosis,
making the termite a dangerous pest as well as a valuable study tool. This ability draws
researchers to the lower termite as a model for biotechnology purposes such as termiticides as
well as a tool for purposes such as biofuel potential by studying lignocellulose degradation
enzymes (Scharf, 2015b).

The Termite Digestive System
The termite digestive system is made up of three major sections, the foregut, midgut, and
hindgut. The foregut and midgut are where termite enzymes partially breakdown the wood meal,
whereas the hindgut is where the microorganisms reside and the majority of digestion occurs
(Ohkuma, 2008). Due to the small size insect digestive tracts have a high surface area to volume
ratio and because of this there is constant diffusion of oxygen into the hindgut lumen. However,
flagellates, bacteria, and archaea that attach to the cuticle act as an oxygen sink, rendering the
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lumen of the hindgut anoxic (Brune et al., 1995a; Tamschick & Radek, 2013). The archaea along
the hindgut wall are anaerobic but contain catalases which allow them to live in the
microaerophilic niche and are hypothesized to utilize the H2 and CO2 emitted from the flagellates
to create methane (Leadbetter et al., 1999). The flagellates occupy the majority of space in the
hindgut, either attached to the hindgut cuticle or in the anoxic paunch. Archaea are attached to
the cuticle along with some bacteria. The remaining bacteria exist as free-living organisms in the
anoxic paunch, endosymbionts inside the flagellates, ectosymbionts attached to the outside of
flagellates, or in biofilms within the paunch.

Wood Digestion
The tripartite symbiosis is required for lower termites to digest a wood meal due to the
inability to breakdown the meal on their own. The three components of the symbiosis work
synergistically to digest the wood meal and provide nutrients to all members of the symbiosis. In
order to fully understand the process from wood meal to nutrients, it is important to study the
role each member of the microbiota plays in the hindgut. The first step is to determine the
organisms present in the symbiosis, and how they contribute to the digestion of the wood meal.
The termite begins the process of wood degradation with enzyme secretion in the foregut and the
midgut. These enzymes include endo-b-1,4-glucanase which hydrolyzes cellulose chains, exo-b1,4-cellobiohydrolase which removes cellobiose units from the end of the cellulose chain, and bglucosidase which hydrolyzes glucose units from cellobiose or longer chains (Watanabe &
Tokuda, 2001). These enzymes breakdown cellulose and cellobiose into smaller molecules such
as glucose. Scharf et al. found that glucose non-competitively inhibits b-glucosidase (a termite
digestive enzyme) by interacting with the enzyme-substrate complex (Scharf et al., 2011),
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creating end-product inhibition for the termite digestive enzymes. By removing glucose the
protist and prokaryotic symbionts prevent the inhibition and allow for the complete breakdown
of the wood meal and the survival of the termite.

The Eukaryotic Symbionts
The protist population of lower termites belong to two major taxonomic groups, the
phylum Parabasalia and the order Oxymonadida. Parabasalia are the more abundant gut
flagellates in most lower termites; there are a total of six classes of parabasalids identified and
three of them are found exclusively in termites (Brune & Dietrich, 2015). Both parabasalids and
oxymonads can phagocytize wood particles and are adapted to the hindgut environment. They
have many flagella which aid in movement and stability, along with the ability to attach to the
hindgut wall (Tamschick & Radek, 2013). It is unknown exactly how many species of protists
exist in the hindgut and reports have been variable depending on the termite species (Brune &
Dietrich, 2015; Ohkuma, 2008). Protists in the hindgut have been found to produce enzymes
belong to the glycosyl hydrolase families GHF7 (exoglucanases), GHF9 (endoglucanases), and
GHF1 (b-glucosidases) (Brune, 2014; Tartar et al., 2009). Sethi et al. found three protist
enzymes in the GHF7 family (GHF7-3, GHF7-5, GHF7-6) from the Reticulitermes flavipes
hindgut that were homologous to protists found in the termite, Coptotermes formosanus. These
enzymes were expressed between 10-20 fold higher in hindgut content than in hindgut tissue
according to qRT-PCR, and 200-400 fold higher in the protist fraction of the hindgut than any
other gut fraction (Sethi et al., 2013a).
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The Prokaryotic Symbionts
The prokaryotic members of the lower termite hindgut outnumber the flagellates and
inhabit many micro-niches. The archaeal members are from the genera Methanobrevibacter and
Methanobacterium and have been found attached to the hindgut wall and inside some protists
(Inoue et al., 2008; Leadbetter et al., 1998; Tokura et al., 2000). Leadbetter and Breznak
estimated a density of 3.5 × 10( of methanogen cells per ml of hindgut fluid in Reticulitermes
flavipes (Leadbetter & Breznak, 1996). Although methanogenic archaea are crucial for higher
termites and contribute to a large portion of the worlds methane emissions, acetogenic organisms
outcompete methanogens in the guts of lower termites (Brauman et al., 1992). The bacterial
community of the hindgut is much more diverse and dense. Lower termites harbor bacteria from
five major phyla: Spirochaetes, Firmicutes, Bacteroidetes, Proteobacteria, Elusimicrobia, along
with other low abundant members (Dietrich et al., 2014). The bacterial population has been
found to assist in wood-degradation with the discovery of prokaryotic cellulase, hemicellulase,
chitinase, and alpha-carbohydrolase gene expression in the gut of R. flavipes (Tartar et al., 2009).
However, the bacteria are potentially more valuable to the protists and termite by converting
digestion products from a nutritionally poor food source into nutritional products for the
eukaryotic members. As wood is low in usable nitrogen for the termite and protists, the bacteria
in the hindgut fix nitrogen (N2) to ammonia (NH3) (Hongoh et al., 2008b; Lilburn, 2001). These
bacteria can be free-living or ecto- and endosymbionts of the flagellate cells. Endosymbiotic
bacteria also produce amino acids, co-factors, and other useful compounds for the protists and
termite, such as acetate (Hongoh et al., 2008a). Acetate is the main nutrient source for the termite
and it is hypothesized that the Spirochaetes in lower termites produce the majority of acetate for
the host through reductive acetogenesis (Pester & Brune, 2006). The bacterial population
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residing in the termite hindgut is comprised of mostly unculturable species, forcing researchers
to find alternative techniques for studying the organisms and their interactions.

‘Omics in the Termite System
Due to the inability to culture the vast majority of bacteria on the planet, researchers have
utilized multi-omics approaches to address questions regarding the microscopic environment
(Handelsman, 2005; Rappé & Giovannoni, 2003). 16S rRNA gene sequencing has rapidly
become a popular technique to gain insight into the prokaryotic communities of many
environments. The 16S rRNA gene encodes the 16S rRNA, which is a component of the 30S
small subunit ribosome in prokaryotes. This gene is especially useful in identifying prokaryotes
because of the conserved and hypervariable regions. The conserved regions are such among all
prokaryotes, which allows for the design of PCR primers to detect all 16S rRNA genes. The
hypervariable regions differ between bacterial OTUs and allow for the classification of
organisms. (Woese, 1987) With the fairly recent technology of high-throughput sequencing it has
become possible for many scientists to study the abundance of microorganisms using the 16S
rRNA gene, resulting in over 169,000 studies published in scientific journals to date (according
to Google Scholar, 4/23/2017). The microorganisms in the termite hindgut are especially difficult
to culture due to the complexity of the microbiota and the anaerobic environment, and few
bacteria have been isolated (Geissinger et al., 2009; Graber et al., 2004; Gupta et al., 2012).
However, many 16S rRNA gene studies have characterized the bacterial communities associated
with multiple genera of termites, castes, habitats, and diets (Boucias et al., 2013; Huang et al.,
2013a; Karl & Scharf, 2015; Minkley et al., 2006; Scharf, 2015a). Metagenomics and
metatranscriptomics are other methods for studying unculturable organisms in an environment in

7

which the entire genomic (DNA) or transcriptomic (mRNA/cDNA) content of the organisms in
an environment is sequenced and analyzed on the basis of gene content and gene expression.
Previous metagenomics studies have searched for genes present in the function of wood
degradation (Mattéotti et al., 2011) and transcriptomic studies have shown expression of these
microbial genes along with the expression of termite-specific genes (Tartar et al., 2009).
Currently there are several published genomes of free-living and protist-symbiont bacteria
associated with the termite. These published genomes include members of Elusimicrobia
(Geissinger et al., 2009; Hongoh et al., 2008a; Zheng, Dietrich et al., 2016b), Treponema (Graber
et al., 2004), Bacteroidales (Hongoh et al., 2008b), Desulfovibrio (Sato et al., 2009), and
Deltaproteobacteria (Ikeda-Ohtsubo et al., 2016). While these genomes are great contributions to
the understanding of the bacteria in the termite gut symbiosis, there remains much to be
discovered.

Artificial Neural Networks
Artificial neural networks (ANNs) have been used as predictive models for a broad
spectrum of areas such as sports, medicine, and industrial purposes (Hassan et al., 2017; Nevares
et al., 2017; Wang et al., 2017). ANNs are a method for computing algorithms based on the
structure of biological networks. Assumptions used in artificial neural network analysis are that
information is processed in simple units (neurons), signals are passed between the neurons, each
connection between neurons has a weight assigned by the user, and that an activation function is
applied to each neuron (Fausett, 1994). The ANN is made up of a series of input nodes, output
nodes, and a number of hidden layers that contain intermediate nodes between the input and
output. ANNs can be created using unsupervised learning, reinforced learning, and supervised
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learning (Gupta, 2013). Supervised learning is a method where the ANN is trained based on
known output values, one method being back-propagation. For back propagation learning, the
user provides input values, output values, and a desired measure of difference between the
correct output and the calculated output. The calculated output values will be compared to the
correct outputs, and if the difference measure is greater that the provided allowable difference, a
cost is assigned and the ANN will go through another iteration until the difference reaches an
allowable value (Rumelhart et al., 1988). The ability to train ANNs as predictive models for
symbiotic systems may create an avenue for detection of keystone species, bacterial
establishment, and dysbiosis prevention.

Scope of Dissertation
The scope of this thesis is to provide insight into the microbial dynamics within the R.
flavipes hindgut. Many studies have reported 16S rRNA data on the microbiota within the gut
from different species of termite species. These studies have spanned from comparing lower and
higher termites to comparing the microbiota of termites fed on different nutrient sources, but
sampled pooled guts at only one time-point (Boucias et al., 2013; Dietrich et al., 2014). This
thesis provides data on the microbial community of the hindguts from single termites and
observes the community temporally. In chapter 2, the bacterial community of termites from
multiple colonies was compared and shown to be similar among the core and abundant taxa, but
small populations were different between colonies. The microbiota from termites in different
castes was also studied, showing that the two dominant bacterial symbionts, Treponema and
Endomicrobia are reduced in the alate class, which also shows a reduction in the protist
population. Chapter 3 includes a study of the microbiota of termites fed different substrates.
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Previous studies have shown that diet plays an important role in shaping the hindgut microbiota,
but the samples were pooled guts at a single time-point (Huang et al., 2013b; Mikaelyan et al.,
2015). Although important, these studies provide only a glimpse into the full effect of the diet. In
this study, single hindguts were sampled temporally over 56 days. It shows that diet plays a role
in changing the hindgut community over time. The sequencing data was used in the creation of
an artificial neural network (ANN) and was used to predict the community at a given day when
fed a specific diet. The ANN was also used to create correlation networks between the bacterial
taxa and determine organisms important in changing the community. Chapter 4 studies the
bacterial communities associated with multiple protist species residing in different niches in the
hindgut. For this, single protists were isolated and the DNA and cDNA was amplified using
multiple displacement amplification (MDA). The amplified DNA and cDNA was used to create
metagenome and metatranscriptome libraries for the protists and associated bacteria. Draft
genomes of the endosymbionts of Pyrsonympha vertens and Trichonympha agilis were
assembled (Endomicrobium sp. PV7 and Endomicrobium sp. TA21) and used as references for
transcriptome mapping. Genes present in metabolic pathways for carbon utilization, amino acid
biosynthesis, and vitamin B biosynthesis were found to be expressed in the endosymbionts of the
protists P. vertens and T. agilis. Differences in gene content and expression were found between
the bacterial species in regards to aerotolerance and hexuronate catabolism, which are suggestive
of niche differences.
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Chapter Two
Characterization of the Core and Caste-Specific Microbiota in the
Termite, Reticulitermes flavipes+*

+

Benjamino J and Graf J (2016) Characterization of the Core and Caste-Specific Microbiota in
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Chapter Three
Machine Learning and Microbiomes: Predicting Low-Abundant Bacteria as
the Drivers of Gut Microbiomes after Alterations in Diet+

Contributions from other researchers
Stephen Lincoln contributed to this chapter. He trained and tested the artificial neural
network (ANN) on the sequencing data I provided. He also ran a prediction through the ANN
and developed the data that went into figures 1, 6, and 7.
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Abstract
As the importance of beneficial bacteria becomes more apparent, understanding the
dynamics of the symbiosis are a sought-after field. In many gut symbioses, it is essential to
understand whether changes in the host diet plays a role in the bacterial community persisting in
the gut. Although many advances have been made in genomic sequencing for analyzing the
composition of microbiomes, very few studies have attempted to learn and model their
dynamics. The challenge in learning and modeling microbiome dynamics is due to the complex,
interdependent, and large number of highly non-linear interactions among members of a
microbiome, as well as environmental factors. In this study, six diet sources were used to
understand the effect of diet change on the termite hindgut microbiota. Termites were fed a
mulch mixture, cardboard, spruce, oak, maple, and birch and hindguts were sampled at various
time points over a 49-day period. DNA was extracted from each hindgut and 16S rRNA gene
sequencing on the V4 hypervariable region was performed to determine the bacterial community
at each time point. It was found that the sixteen core taxa (Benjamino & Graf, 2016)remained
stable regardless of diet, and that many of the changes seen were in non-core taxa. The hindgut
microbiota shifted on an OTU (operational taxonomic unit) level from the original day 0 samples
when the termites fed on different wood sources. We also present a computationally tractable
strategy using machine learning methods and stochastic optimization to characterize a
microbiome. A deep backpropagation artificial neural network (ANN) is utilized to learn how the
six different lignocellulose food sources affect the temporal composition of the hindgut
microbiome of Reticulitermes flavipes, the eastern subterranean termite. These dynamics are then
explored using a sensitivity analysis of the ANN to determine strength of taxon-taxon and taxon-
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substrate interactions. The findings of the ANN are compared with 16S rRNA amplicon
sequencing analysis.

Introduction
Symbioses are wide spread in nature, and beneficial digestive-tract symbioses have been
shown to be critical for host health (Kostic et al., 2013). The benefits and contributions provided
by the gut microbiota include enhancement of digestion efficiency, provision of nutrients and
vitamins, and procurement of digestive enzymes (Graf, 2016). Members of the microbiome can
contribute to host health by detoxifying allelochemicals from plants, such as tannins, flavonoids,
and alkaloids, along with creating colony resistance against possible pathogens (Dillon & Dillon,
2004). When the host feeds on a nutrient-poor diet, the reliance on the physiological capabilities
of the microbes is even greater for example the symbioses of aphids and tsetse flies. Aphids feed
solely on plant phloem and require symbionts that synthesize amino acids that the aphid uses for
nutrition (Douglas, 1998). The tsetse fly, which feeds exclusively on vertebrate blood has a
symbiotic relationship with the bacterium, Wigglesworthia glossinidia. This bacterium contains
genes for vitamin B production, which is an essential nutrient for the fly (Akman et al., 2002).
Mammals that feed on a cellulose-rich diet require a bacterial community in the gut to generate
energy for the host due to the inability of mammals to produce cellulases (Davison & Blaxter,
2005). Ruminant cows are an example of mammals that depend completely on their gut
microbiota for nutrients due to their inability to digest grasses and hay (Jami & Mizrahi, 2012).
In contrast, some insects can produce cellulases and sometimes harbor protist symbionts that are
critical in the breakdown of the wood meal (Davison & Blaxter, 2005). These insects rely on the
bacterial symbionts as a source of energy in the form of short-chained fatty acids (SCFAs) and
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nutrients that are present in low amounts or absent in plant food sources such as nitrogen, amino
acids, sterols, and many B vitamins. Examples of insects that produce cellulases are lower
termites and Cryptocercus cockroaches (Varma et al., 1994). Another approach that higher
termites such as Macrotermes spp. utilize is to maintain cellulolytic fungus gardens and consume
the fungus and degraded wood for nutrients (Hyodo et al., 2003).
Insect feeding habits have been shown to partially dictate the microorganisms present in the
gut. Cockroaches fed a low-protein and high-fiber diet show decreases of Streptococci and
Lactobacilli in their gut. The decrease of these two organisms coincides with the reduction of
acetate and lactate production (Kane & Breznak, 1991). The gut of the American cockroach,
Periplaneta americana, is populated by a higher abundance of protozoa when feeding on a highcellulose diet (Tinker & Ottesen, 2016). The house cricket, Acheta domesticus, shows reduced
production of H2, CO2, and SCFAs when fed a high-protein diet compared to other diets (alfalfa,
cricket chow, and sugarbeet root pulp) (Klug et al., 1998). A comprehensive study on higher
termites showed that diet plays a role in shaping the microbiome composition of the gut. Bacteria
with the ability to degrade cellulose were present in higher abundances in wood-feeding termites
compared to diets without cellulose (Wang et al., 2016). Alternatively, termites that feed on
humus and soil have a more alkaline gut content and bacteria that live in more alkaline
environments were shown to be more abundant in these termites (Mikaelyan et al., 2015).
Reticulitermes flavipes, the eastern subterranean termite, is a wood-feeding lower termite that
harbors protist, bacterial, and archaeal symbionts. The protists are thought to aid in the
breakdown of cellulose and lignocellulose, while the bacteria and archaea will utilize the
breakdown products to produce nutrients for the symbiotic community and the host (Ohkuma,
2003; Scharf, 2015a). In a transcriptomic analysis, Sethi et al. showed that when fed wood, R.
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flavipes termites had more protist-related transcript sequences in the gut compared to being fed
paper (Sethi et al., 2013b). This suggests that protists are necessary for R. flavipes termites to
digest wood. Elusimicrobia, a protist endosymbiont, was also more abundant in termites fed
wood-diets compared to termites fed grassy diets. Grass diets also resulted in lower bacterial
diversity in the hindgut (Huang et al., 2013b).
Although microbiomes are being studied extensively temporal studies are limited and
predictive in silico modeling of microbiome dynamics is lacking. While the surge of
metagenomics and gene sequencing technology have helped give insight to the composition of
the microbiome, there have been only a few studies attempting to model the microbiome and
learn dynamics between members of the community, as well as influences of environmental
factors, such as diet of the host organism. Reasons behind the lack of microbiome models
include inherent complexity of most communities leading to numerous interrelationships among
community members, the computational difficulty of modeling highly nonlinear relationships,
and other accounting for the effect of many external influences such as substrate, temperature,
pH, micronutrient concentrations, etc. One of the few studies performed in this area involves
using an artificial neural network with Bayesian network inference to predict relative abundance
of microbial taxon in the English Channel as a function of its environment (Larsen et al., 2012).
Although this method was successful at modeling how the environment shapes the microbiome,
it did not answer the question of how to identify important taxa or environmental factors once the
dynamics are learned. Along those lines, although previous studies found which organisms in the
rhizosphere microbiome are important for disease protection in plants, there is no current method
that would determine what taxa or environmental factors influence the growth or decline of these
organisms based on a learned model (Mendes et al., 2011). Combining both the qualitative
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knowledge of the bacterial members of a microbiome with quantitative in silico modeling of
microbiomes is key for identifying influential organisms in the microbiome, as well as learning
how members of a microbiome work symbiotically or antagonistically.
The hindgut microbiome of the lower termite, R. flavipes, is suitable for testing predictive
modules because have a detailed understanding of the community member, we can readily
identify them using 16S rRNA gene tag sequencing and this species is capable of feeding on
different types of wood and can be readily maintained in the lab (Benjamino & Graf, 2016). An
important aspect of the hindgut microbiome is that a large proportion of the taxa is consistently
present in all the individual, these taxa are considered to be part of the “core” community. In this
work, we monitored the composition of the hindgut microbiome of R. flavipes by sequencing the
V4 region of the 16S rRNA over time following dietary changes. An algorithm inspired by
Larsen et al. (Larsen et al., 2012) uses an artificial neural network to learn the dynamics of the
microbiome not only from external influences, such as changes in the diet, but also changes in
the relative abundance of the taxa in the microbiome from the 16S rRNA sequencing data. The
artificial neural network was then trained on this data and a sensitivity analysis was performed to
determine the accuracy of the model. When used in conjunction with microbial community
analyses, the artificial neural network learned dynamics allows for an in-depth analysis of a
microbiome to understand taxon-taxon and taxon-substrate interactions.

Methods
Experimental Design and Maintenance
The R. flavipes termites were purchased from Connecticut Valley Biological Supply Co. in
Southampton MA and initially maintained on the mulch they were shipped with. These mulch-
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fed termites were separated into colonies that received distinct diets. The colonies were kept in
plastic containers with autoclaved sand and food. Termite colonies were maintained in a dark
cabinet at room temperature and kept moist with water. The samples used in this study were all
from the worker caste.
Colonies were fed either wood from spruce, oak, maple, or birch, cardboard or mulch (never
changed from original food source), and one colony was starved. Termites were sampled on the
day of arrival (Day 0) and on days 1, 2, 3, 7, 14, 21, 28, 35, 42, 49 after arrival. The starved
colony was sampled through day 21 and the oak-fed colony was sampled through day 28, both
due to the lack of termites available in the colony. The samples from Day 0 were previously
published from Benjamino and Graf (Benjamino & Graf, 2016). The wood used was non-treated
firewood, the cardboard was from shipping boxes, and the original mulch used was the material
shipped with the termites from CT Valley Biological Supply Co. Termite DNA was used for
COII sequencing to ensure the termites were Reticulitermes flavipes. Primers used for COII
sequencing were a modified A-tLEU (5’-CAGATAAGTGCATTGGATTT-3’) and B-tLYS (5’GTTTAAGAGACCAGTACTTG-3’) from Liu & Beckenbach (Liu & Beckenbach, 1992) and
previously reported in Benjamino and Graf (Benjamino & Graf, 2016).
Sample Collection and DNA Isolation
Hindguts were removed from the termite and separated from the foregut/midgut and
rectum. Single hindguts were collected in 1X TE buffer (10mM Tris-HCl, 1mM EDTA, pH 8.0).
DNA was isolated immediately after collection using a modified (500µL starting lysis buffer,
elution in 30µL AE buffer) RBB+C isolation protocol as described by Yu and Morrison
(Benjamino & Graf, 2016; Yu & Morrison, 2004).
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PCR Amplification and Library Preparation
Hindgut samples were amplified using the V4 hyper-variable region of the 16S rRNA
gene using primers developed by Carporaso et al. (Caporaso et al., 2011). PCR reactions
included Phusion High-Fidelity PCR Master Mix with HF Buffer (50% of total volume), 10µM
forward and reverse primers (3% each of total reaction volume), ~10ng DNA, and dH2O to the
final volume. All reactions were amplified in triplicate using the following parameters: 94°C for
3 minutes, followed by 30 cycles of 94°C (45 seconds), 50°C (60 sec), and 72°C (90 sec), with a
final extension of 72°C for 10 minutes (Nelson et al., 2014).
Amplicons were purified and size selected using the GeneRead™ Size Selection Kit by
Qiagen© to select for 400 bp amplicons according to manufacturer’s protocol. Samples were
then quantified using a Qubit® dsDNA HS Assay and diluted to 4 nM. All samples were pooled
in equimolar amounts for sequencing.
Sequencing and Data Processing
Samples were sequenced using an Illumina MiSeq with custom sequencing primers
added to the reagent cartridge (Caporaso et al., 2011) and sequenced 2x250bp. Output reads from
the MiSeq were merged to create single reads spanning the entire 254 bp length of the V4
hypervariable region using SeqPrep (https://github.com/jstjohn/SeqPrep), and the PhiX control
reads were removed by mapping to the PhiX genome (Nelson et al., 2014). Data analysis was
performed on high quality reads (Q30 or greater) using Qiime (Caporaso et al., 2011).
Operational taxonomic units (OTUs) were determined by clustering reads to the V4
hypervariable region of the DictDb 16S rRNA reference dataset at a 97% identity level
(Benjamino & Graf, 2016; Mikaelyan et al., 2015). Reads that failed to cluster to the DictDb
reference were clustered to the Greengenes reference 16S reference dataset (2013-08 release) at a
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97% identity, and then de novo OTU clustering was performed on reads that failed to cluster to a
reference (DeSantis et al., 2006). The dataset was checked for chimeras and filtered to remove
singleton and doubleton OTUs and then OTUs present at less than 0.0005% (McDonald et al.,
2011; Nelson et al., 2014).
Sequence Analysis
After quality filtering and rarifying to 18,000 sequences per sample, alpha diversity (Shannon
Index and Equitability) (Faith & Baker, 2006) and the Bray Curtis beta-diversity metric
(Anderson et al., 2011) were performed using Qiime 1.9. The Shannon Index and Equitability
were graphed using GraphPad Prism version 6.0f for Mac OSX (GraphPad Software, San Diego,
California USA, www.graphpad.com), and a one-way ANOVA with Bonferroni post-test
analysis was performed for each. An NMDS plot using the Bray-Curtis metric was created in R
3.2.0 (Oksanen et al., 2009; Wickham, 2009). The PERMANOVA statistical analysis was
performed to determine the significance of microbial community differences among the different
food sources and temporally. The test used the Bray-Curtis dissimilarity matrix as the input and
was performed over 999 permutations and returned a Pseudo-F (f) statistic along with a p-value
(p). Each test compared the Day 0 samples to the last two days of samples in other diets.
Taxonomic abundance data was calculated using the percent abundance of OTUs present
in the core microbiota. The relative abundance of each taxon, along with the non-core taxa, was
combined for each diet and presented with the mean abundance of the temporal data. The noncore abundances were calculated by combining the remaining OTUs that were not present in the
core.
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Artificial Neural Network
The relative abundance of each OTU was grouped by taxonomic order as grouping by species
for learning microbiome dynamics introduced a significant amount of noise and error to the
algorithm. A deep backpropagation artificial neural network (ANN) was created using Fast
Artificial Neural Network (FANN) (Nissen, 2003) with a network topology as seen in Figure 1.
The goal of training the ANN was to learn dynamics of the microbiome based on substrate given
to the colony and the influence of other community members. The network was trained by using
the relative abundance of each order and the presence or lack of substrate given at a time period t
for the input nodes. The output represented the relative abundances of each order for the time
period t+1. A training data file for the ANN was generated from the 7 colony CSV files. The
general algorithm is shown in Supplemental Figure 1. Since there was no target for the last time
point (day 49), the last time point was never used as an input to the ANN. In addition, one
random time point from each CSV (7 total) was left out of training and used for testing the ANN.
After the training data file was generated from the CSV files, the network used the
standard backpropagation algorithm native to FANN to train on the dataset until the error
threshold was met or the maximum number of epochs had passed. The activation function used
in the first hidden layer was the hyperbolic tangent function (tanh), while the second hidden layer
utilized the sigmoid function,
S(x)=11+e-x

(1)

The activation functions used were chosen based on the features of the system studied. The
first hidden layer has more nodes than the second hidden layer, and therefore has more
connections. Using an antisymmetric activation function has been shown to improve
convergence for more connected networks than an asymmetric activation function, so tanh was
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chosen as the first hidden layer’s activation function (LeCun et al., 1991). However, the output
of the ANN is the relative abundance of a taxon for each output node, which must be in the
bounds [0,1], therefore, the sigmoid function was used for the second hidden layer’s activation
function.
After each epoch of training, the mean squared error was returned. If the error was under the
error threshold, training was halted and the network was saved. The network was then tested
using the seven time points left out of the training dataset. After testing, the ANN was subject to
sensitivity analysis using a test time point from day 0. The parameters of the neural network are
shown in Table 1.
Microbiome Dynamics Analysis
Once the network was sufficiently trained, a sensitivity analysis was performed on the ANN
in order to determine how each taxon changes over time in response to a change in another taxon
or substrate. This analysis was performed by using a test time point of relative abundance and
substrate that was left out of the ANN training set. Since each input node is representative of a
taxon or substrate and each output node is representative of the predicted relative abundance for
a given taxon at the next time point, changing each input node individually and comparing the
predicted outputs to the original outputs will allow us to discover the learned dynamics.
Therefore, each input node was changed one at a time to a value in the range of 100 values ±5%
of the original value of the input node for the test time point given. The ANN was then run for
each new value of the input node while holding the other input values constant. After each run of
the ANN at the new input node value, the new outputs, or predicted relative abundances of each
taxon were recorded and compared to the original output. The percent change of each output
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node was compared to the percent change of the input node for all values in the 100 values ±5%
of the original input value using the following equation:
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐶ℎ𝑎𝑛𝑔𝑒 = 𝑁𝑒𝑤 𝑂𝑢𝑡𝑝𝑢𝑡 − 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑂𝑢𝑡𝑝𝑢𝑡 ×(𝑁𝑒𝑤 𝐼𝑛𝑝𝑢𝑡 − 𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝐼𝑛𝑝𝑢𝑡) (2)

This was repeated for each new value of the input node being tested. After all new values of
the input node were tested, the average change of each output node was taken, which shows how
each taxon (output node) changes with respect to a change in a certain taxon or substrate (input
node). This was repeated for every input node in order to determine how the relative abundance
of each taxon changes with respect to change in a certain taxon or substrate. The general
algorithm is shown in Supplemental Figure 2. The end result of the sensitivity analysis was a
matrix of relative change values. In other words, each row of the matrix is representative of a
taxon or substrate, or an input node of the ANN, while each column is representative of a taxon,
or an output node of the ANN. Each value in the matrix is the relative average percent change of
the output node (column) with respect to the input node (row).
In order to visually display the results of the sensitivity analysis, a 2D influence heatmap was
generated using Matplotlib in Python (Hunter, 2007). The heatmap displays the magnitude and
direction (direct/inverse) of each relationship between each input node (taxon/substrate) and
output node (taxon). A connectivity network was also generated using the graph-tool library in
Python (Peixoto, 2014). The connectivity network was constructed using a vertice-edge plot
where each vertex is a node in the ANN, or a taxon/substrate. An edge was drawn between two
vertices if the value in the change matrix was more than three standard deviations above the
absolute value of the average of the whole array. The top ten most connected vertices were
highlighted and returned from the connectivity network.
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Data Availability
The sequence data was deposited in the European Nucleotide Archive (ENA) SRA under
project ID PRJEB20463.

Results
Effect of Dietary Changes on the Termite Hindgut Microbiota
The hindgut microbiota of termites supplies the host with energy and nutrients by fermenting
the ingested lignocellulose. While it has been shown that this community structure changes when
termites are fed different diets (Boucias et al., 2013; Huang et al., 2013b), it is not known how
fast these changes occur. By dividing members from a single colony into different groups that
were provided with different food sources and sampling multiple individuals over a seven-week
period we were able to determine how a change in the food source affects the termite hindgut
microbiota. Termites were transferred from the original mulch diet to either wood from spruce,
oak, maple, or birch, cardboard or mulch, and one colony was starved. Individual animals were
removed at different time points and the composition of the hindgut microbiome determined.
The overall composition of the hindgut community was compared by determining the
Bray-Curtis beta diversity and depicted on an NMDS plot (Figure 2). All of the Day 0 samples
were similar to each other (black points and ellipse). The microbiota of termites that were
maintained on mulch, did not not exhibit a significant change in the overall composition of the
community. The Mulch colony (magenta points and ellipse) was the most similar to the Day 0
samples, which is indicative of the temporal effect on the hindgut microbiota. There was no
significant difference between the Day 0 samples and the last two days of the Mulch-fed colony
according to a PERMANOVA with a Bonferroni correction for multiple comparisons (f=2.03,
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p=0.029) (Figure 2). The microbiota of termites maintained on all of the other diets gradually
moved away from the Day 0 samples over time. For the first seven days the communities were
similar to Day 0, but samples from later dates differed significantly suggesting that dietary
changes affect the composition the hindgut microbiota (PERMANOVA, f=4.18, p=0.001). This
finding suggests that the hindgut microbial community shifts after about seven days of feeding
on a new diet.
Observed differences in a microbial community can be due to instances in which OTUs
are present or absent or by change in the abundance of sequences from any given OTU. The
microbes present in the hindgut can divided into members of the core, which are consistently
present and non-core taxa, that are present intermittently (Benjamino & Graf, 2016). For this
analysis, the sequence counts for each OTU belonging into the same taxon were combined and
the percent abundance in the entire community was calculated. The taxonomic abundance values
for all time-points in each diet were plotted along with the mean. The percent abundance of each
of the fifteen R. flavipes core taxa, along with the abundance of non-core taxa are shown in
Figure 3. Treponema and Endomicrobia sequences accounted for >10% of the sequences for all
diets excluding samples from starved termites. Members of these two genera are known to be
associated with the hindgut protists, which decrease in number when the termite is starved, likely
leading to concomitant decrease in their endo- and ectosymbionts (Ohkuma, 2008). The order,
Bacteroidales, accounted for 1-10% of the sequences in all samples, with the lowest abundance
detected in samples from birch-fed termites. The remaining taxa were present at abundances less
than 3%, most accounting for <1%. Overall, sequences from the core taxa stayed at a constant
level for each diet while sequences from the non-core taxa were more variable among diets.
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Another characteristic of microbial communities is the number of species present or the
richness that can be measured by the Shannon Index (H’) and the evenness of the community
that is measured by the Equitability (EH) metrics (Figure 4). The average H’ and EH values were
6.58 and 0.723 respectively. Termites fed birch and spruce showed the most variability within
the colony, but there was no significant difference in the richness or evenness among the
colonies when compared to Day 0, based on a one-way ANOVA analysis.
Learned Microbiome Dynamics
The robustness of the ANN was assessed by excluding one time-point from each of the seven
diets from the training set. Each test time point was entered and the predicted relative
abundances were recorded as an array. The array of predicted relative abundances were
compared to the actual relative abundances by taking the root mean squared error and BrayCurtis similarity. Specifically, the values of the time point preceding the time point excluded
from the analysis were entered and used to predicted relative abundances for the excluded time
points. The calculated and measured relative abundances were compared and the average RMSE
and Bray-Curtis similarity were calculated across the seven time points tested. The RMSE was
found to be 0.0153 while the Bray-Curtis Similarity was found to be 0.8576, showing that the
network was sufficiently trained and was robust enough to predict the composition of the
microbiome over time. The actual taxonomic abundance of the tested samples at the given timepoints was compared to the values predicted by the ANN (Figure 5). A heatmap was created to
show the difference in relative abundance (%) between the measured values and the predicted
values. The average abundance of each taxon is also shown (excluding the starved time-point)
along with the number of significant correlations for each taxon. Five out of the fifteen core taxa
had greater than five significant correlations, while thirteen non-core taxa had greater than five
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significant correlations. The majority of taxa with significant correlations were present at less
than 1% average abundance.
Each taxon or substrate was given a specific number corresponding to the input node they
were assigned to. This numbering scheme was kept constant throughout the ANN training and
analysis. The influence of specific taxa on all other taxa was calculated using equation 2 in the
methods section and used to generate a correlation network. A 2D heatmatp was created with the
resulting data, showing the degree of direct and inverse correlations between taxa (Figure 6). The
top ten most correlated taxa were also returned from the algorithm (Figure 7).

Discussion
Our study revealed that changing the food source for R. flavipes affected the overall
composition of the hindgut microbiome without affecting the members of the core. The NMDS
analysis revealed that after seven days on a new food source the overall community differed
significantly from the community at Day 0. This change in the community structure was driven
by the less abundant microorganisms that were not part of the core microbiota changed in
abundance with changes in diet. In comparison, for the control group that was continuously
maintained on mulch the samples collected after seven days, did not show a significant shift in
the bacterial community when compared to Day 0 (f=2.03, p=0.029). An earlier study by
Broderick et al. showed that the gypsy moth caterpillar gut microbiota is affected by diet. Moths
fed Larch (a conifer) had a higher bacterial diversity than moths fed other diets, and moths fed
Aspen retained the most unculturable bacteria. Although these dietary changes affected the gut
community, there were also two bacterial taxa that were present in the larvae regardless of diet,
Enterococcus faecalis and an Enterobacter sp. (NAB17) (Broderick et al., 2004). Another study
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fed R. flavipes either a wood-substrate or paper-substrate, sampled the hindgut microbiota after
seven days, and reported the similarities and differences between the hindgut bacterial
communities (Boucias et al., 2013). They found that termites from the same colony and fed
different diets were more similar to one another than termites from different colonies and fed the
same diet. However, that study did not report data for later time points, which was when we
observed the changes in the hindgut community. Our results are similar to those reported from
wood-eating cockroaches and higher termites. In wood-eating cockroaches that are closely
related to termites, the members of the core microbiome were shown to be stable during dietary
changes. In higher termites, which do not harbor protist symbionts, it was shown that the
dominant members of the hindgut microbiota remained stable and only less abundant members
were affected. It is interesting that these three studies consistently determined that the core was
not affected by dietary changes. This highlights the critical contributions the individual taxa
provide to the overall function of the hindgut microbiota and animal host. The most abundant
organisms in a symbiotic habitat have been shown to perform important functions within the
environment, essentially securing their constant presence in the environment (Shade et al., 2012).
A study of the gut microbiota of thirty-seven adults over five years showed that around 60-70%
of the strains remained stable throughout the study and that the most stable organisms were also
the most abundant, which supports our findings (Faith et al., 2013). The stability of the
composition of the core microbiota is consistent with the animal and its microbe forming one
functional unit on which selection acts, as has been proposed in the holobiont theory
(Bordenstein & Theis, 2015). It was only members that did not belong to the core that changed in
their abundance and contributed to shift in community structure when the food source was
changed.
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The one major exception to the stability of the core microbiota occurred in the group that
was starved. Starved termites have been shown to lose the symbiotic protists in the hindgut,
which are associated with Treponema and Endomicrobia that are extracellular and intracellular
symbionts, respectively. Therefore, it was expected to see a decrease in the relative abundance of
Treponema and Endomicrobia. While the Treponema exist not only as protist symbionts, but as
free-living bacteria as well, the Endomicrobia are strict endosymbionts of the protists, which
explains the larger drop in Endomicrobia in starved termites compared to the Treponema
(Cleveland, 1925; Graber et al., 2004). It was interesting to note that the Endomicrobia are most
abundant in the Spruce-fed termites, which was also shown by Huang et al. (pine) and may
suggest that this substrate may create a hindgut environment that enriches for the protist and
Endomicrobia populations (Huang et al., 2013b).
Another aspect that can be affected by changes in diet is the complexity of the overall
community. The community composition can be described by the richness or number of taxa that
are present, H’, and the evenness, that describes how similar the proportions of all the taxa are,
EH. In this study, termites from a single colony were separated into experimental groups
maintained on distinct diets, with one colony remaining on the original mulch diet. The richness
and evenness of the bacterial community was not statistically different for any of the diets
(Figure 2). However, there was a greater range of H’ and EH values in the Birch and Spruce fed
termites. This distribution could be due to the richness and evenness (H’ and EH values)
decreasing with time. A study by Huang et al. showed a lower microbial richness in R. flavipes
termites fed corn-based diets compared to wood-based diets (Huang et al., 2013b).
We were interested in using an artificial neural network to generate an in silico model
that would allow us to determine the effect a particular taxon or the diet has on the other taxa,
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determine the connectivity of a particular taxon to other taxa and predict from what the
composition of the community will be a particular time point. A temporal comparison of the
bacterial OTUs from each diet showed that dietary changes influence the composition of the
hindgut microbiota in R. flavipes (Figure 3). This was also predicted by the in silico model, as
relationships between substrate and taxa were significantly weaker than taxon-taxon
relationships (Figure 6). None of the substrates that were fed to the colonies were deemed
significant, as seen in Figure 7. It was also reported that, using a divergence level of 0.05 for
OTU identification, only 0.4% of the OTUs were variable between diets. Our analysis supports
the finding that the microbiota remains stable throughout the change in diet, but the OTUs
abundance shifts temporally. When grouped by order, the in silico model showed that the
Spirochaetales, the order which the genus Treponema belongs, was the most connected order in
the model with 19 total important correlations (Figure 7). The correlations can be divided into
outbound, where the taxon affects other taxa and inbound, where it is affected by another taxon.
All of the 19 correlations associated with Spirochaetales were found to be outbound, implying
that Spirochaetales has the largest effect on the community as a whole. Along with
Spirochaetales, the orders of Rhodocyclales, Bacteroidales, and two orders of Clostridiales
(different classes) were among the most abundant orders found, and had 19, 14, 13, and 13
correlations, respectively. Rhodocyclales had 15 outbound correlations and 4 inbound
correlations. Of the 14 correlations associated with Bacteroidales, 12 were outbound and 2
correlations were inbound. In the termite hindgut community, the most abundant organisms have
the most outbound correlations, suggesting that they played important roles in shaping the
overall structure of the community. The lack of Endomicrobia connections in the in silico model
is of particular interest, as they are an abundant taxon and one would assume them to have a role
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in determining the makeup of the microbiome. However, the Endomicrobia are strict
endosymbionts of the protists, and if the protists along with their endosymbionts are required at a
constant level for the degradation of the lignocellulose irrespective of its source, it could be that
their abundance is decouple from auxilliary changes in the community structure. The order
Methanobacteriales was the 8th most connected order with 13 total connections. However, all of
the connections were inbound connections. Methanobacteriales also had the most inbound
connections of all the orders present, suggesting that it is the most influenced order in the
network. This is particularly interesting as this is a Euryarchaeota that reduces CO2 with H2 to
methane (Banning et al., 2005). The H2 in turn is released as a metabolic waste product by the
protists and bacteria.
One particular powerful aspect of the neural network analysis is that after having trained
the algorithm it can be used to predict future values. We evaluated the accuracy of the
predictions by leaving out specific time points from the training set, using the relative abundance
data from the time point immediately preceding the time point of interest. The community
composition predicted by the neural network was compared to the actual values obtained (Figure
5) and showed that the ANN was able to predict the relative abundance of each taxon within less
than 15% difference. The ANN predicted the majority of taxa within less than a 1% difference,
and the taxa with higher discrepancies were highly abundant (>10% abundance) which would
allow for a larger difference due to background noise. This suggests that even for a community
as complex as that found in the termite hindgut and with a relatively sparse sampling frequency,
we were able to very accurately predict the community composition. One limitation of this
analysis is that due to complexity of the interactions, we only performed it on the order level. It
would be interesting to perform this analysis on other time series, including human, and evaluate
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the accuracy. If future implementations are able to use lower taxonomic levels, it could prove to
be an important predictor for an unbalanced microbial community or dysbiotic state before it
occurs. Understanding the effect of diet on a microbial population is valuable because it provides
insight into the dynamics of the symbiotic niche. In a laboratory setting, it is necessary to
consider the biological effect diet has on a host organism and its symbiotic bacteria. The ability
to predict the taxonomic composition of a community is beneficial for forming hypotheses about
the environment and can provide insight on the community dynamics within that environment.
Since the start of the high-throughput 16S sequencing revolution, scientists have reported
the microbiome, focusing on the more abundant taxa or grouping the populations into phylotypes
(Walker et al., 2011). In order to view the bacterial populations in numerous samples, it has been
standard protocol to show organisms at abundances greater than 1% (Shang et al., 2017), or even
group the low-abundant organisms into an “other” category (Tinker & Ottesen, 2016). While this
is a widely-accepted method of determining correlations between healthy and diseased states and
reporting microbial communities in general, researchers may be missing some key organisms
that get lost in the low abundant population. In the hindgut community, only five out of the
fifteen core taxa had greater than five significant correlations, while thirteen non-core taxa had
greater than five significant correlations (Figure 5). Among the core and non-core taxa with
significant correlations, only four were abundant at greater than 1% of the community. This
suggests that although the core and highly abundant taxa perform important functions for the
community and are conserved throughout diet changes and time, perhaps the non-core and less
abundant taxa are the drivers of the community, and changes in these organisms would have
higher impacts on community structure.
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Table 1. ANN training parameters
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Figure 1. Topology of the ANN used to train on sequenced data. The number of input nodes
used was set to the number of taxonomical orders (T) plus the number of environmental
variables (E), which was the number of types of substrate fed to the colonies. Since there were
64 taxonomical orders and 6 substrates, there were 70 total input nodes for the ANN. The
number of nodes in the first hidden layer was set to 95% of the total input nodes, whereas the
number of nodes in the second hidden layer were set to the 85% of the number of input nodes.
The number of output nodes was set to the number of taxonomic orders, as the goal of the
network was to predict relative abundance changes over time for each taxon. The arrangement of
taxonomic orders remained constant for each CSV file; therefore, each input node (up to the
amount of taxa) and output node was representative of a specific taxonomic order. The
remaining input nodes past the number of taxa represented an environmental variable.
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Figure 2. Diet change causes shifts in the hindgut microbiota. An NMDS plot was created
using the Bray-Curtis dissimilarity metric based on OTU abundance. Each point represents the
hindgut community at a specific day (denoted by size) and colored by diet. Ellipses circumscribe
the 95% confidence interval for each diet. Day 0 samples are similar to each other as well as
other diet samples early on (days 1-7). Samples from the original mulch colony remain most
similar to the day 0 samples, indicating normal temporal/acclimation change of the termites and
their microbiota. Other diets show shifts away from the day 0 samples (PERMANOVA, f=4.18,
p=0.001).

53

54

cardboard, oak, and starved diets differed from the day 0 samples (one-way ANOVA (F(1,7)=10.80, p<0.0001).

compared to the initial day 0 abundances. However, sequences for the non-core bacterial communities in the original mulch,

in the core and non-core taxa were calculated for each diet. No diet had a significant effect on sequences from the core taxa as

Figure 3. Effect of diet on the core and non-core taxa in the hindgut. The relative abundance of sequences from OTUs present

Maple
Maple

Maple
Maple

Oak
Oak

Oak
Oak

Spruce
Spruce

Spruce
Spruce

Starved
Starved

Starved
Starved

Shannon Index (H')
Shannon Index (H')

00. .
88

Birch
Birch

00. .
66

Birch
Birch

00. .
44

Cardboard
Cardboard

00. .
22

Cardboard
Cardboard

8 8

Original Mulch
Mulch
Original

6 6

Original Mulch
Original Mulch

4 4

Day 0
0
Day

2 2

Day 0
Day 0

Shannon Equitability
Equitability (E
(EH))
Shannon
H

Figure 4. Alpha diversity of the R. flavipes hindgut fed multiple diets. The Shannon Index
(H’) and Shannon Equitability (EH) metrics were used to calculate the richness and evenness of
the microbiota of the termite hindgut over 49 days when introduced to different diets and plotted
using a box and whisker plot. A one-way ANOVA was used to compare the H’ and EH values
from each diet to day 0 and showed no significant difference (p>0.05). Day0 (n=9), original
mulch (n=27), cardboard (n=26), birch (n=24), maple (n=28), oak (n=17), spruce (n=24), starved
(n=10).
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Figure 5. Accuracy of the ANN to predict taxonomic abundances. In training the ANN, one
sample per random time-point for each diet was left out and used to test the accuracy of the
ANN. The measured abundances of taxa (Order) in the samples were compared to the
abundances predicted by the ANN. The taxa represented in the core microbiota are highlighted in
yellow and the average abundances are plotted in the right column. The difference between the
actual values and predicted values were calculated and used to color the heatmap. The number of
significant correlations for each taxon is also shown, in the left column. The ANN was able to
predict the taxonomic abundance of each taxon within less than 16% of the measured value. The
taxa with the largest differences were present at average abundances of >14%, therefore the
differences could be due to background noise. The majority of predicted values were <1%
different from the measured values.
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Direct correlations are shown in blue and inverse correlations are shown in red.

(on the left of the heatmap) was changed by ±5% and the effect on the remaining taxa is shown in the heatmap.

Figure 6. 2D heatmap of influences of taxa and substrates on other taxa. The abundance of each taxon/substrate
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and the number of affector (yellow) and affected (gray) correlations are shown. Six of the core taxa have affector correlations, while 9

significant correlations are associated with taxa below 1% average relative abundance (A). The core and non-core taxa were grouped

(figure 6) was above three standard deviations of the absolute average of the percent change matrix generated. The majority of

Figure 7. Significantly correlated taxa in the hindgut. A taxon was considered significantly correlated if the value in the heatmap
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1. Foreach CSV do
2. Foreach time point – 1 in CSV do
3. Input ← time point
4. Target ← time point + 1
5. Write input, target to training file
6. End Foreach
7. End Foreach
8. While error > allowed_error and epochs < max_epochs do
9. Train network
10. End While
11. Save network

Supplemental Figure 1. Algorithm for training the ANN
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1. Original_Outputs ← Run_ANN(Original_Inputs)
2. Foreach input_node in Original_Inputs:
3. Foreach value in 100 values ±5% of input_node:
4. New_Outputs ← Run_ANN(New_Inputs)
5. Changes ← Percent_Change(Input, Outputs)
6. End Foreach
7. Average_Change ← Average(Changes)
8. End Foreach

Supplemental Figure 2. Algorithm for sensitivity analysis.
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Chapter Four
Insights into the Physiologies of Endosymbiotic Bacteria of Two Protist
Species Living in the Hindgut of the Termite, Reticulitermes flavipes

Contributions from other researchers
Michael Stephens and Dr. Daniel Gage contributed to this chapter. Michael Stephens
isolated single protist cells for the project and assembled draft genomes for Endomicrobium sp.
PV7 and Endomicrobium sp. TA21, which were used in the study. Dr. Gage quality trimmed and
filtered the raw sequencing data that was used for draft genome assembly and transcriptome
analysis.
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Introduction
A subset of symbiotic bacteria exists as endosymbionts living inside of eukaryotic cells
and are essential to host survival, while the host provides a protective environment for the
bacterium. These populations are especially important in insects, which feed on nutrient-poor
substrates, endosymbionts are necessary to provide the host with nutrition, immunity, and
fecundity (Wernegreen, 2002). The continued presence of the important intracellular symbionts
in offsprings is ensured by the vertical transmission of these bacteria. Mealybugs
(Pseudococcidae) have primary and secondary endosymbionts, both of which contribute to
nutrient provision to the eukaryotic host (Dohlen et al., 2001). The phylogenies of mealybugs
and its two endosymbionts suggest cospeciation of the primary symbiont (Tremblaya) and the
mealybug host (Baumann, 2005). Endosymbiont genomes are highly reduced when compared to
their free-living counterparts, and the host can play a role in genome reduction by providing a
protective environment for the bacterium, acquiring genes from the bacterium, or acquiring a
second bacterial symbiont to supplement the genes lost in the primary symbiont, ensuring the
symbiosis remains stable (McCutcheon & Moran, 2011). Psyllids acquired secondary
endosymbionts which attributed to gene loss in Carsonella, and that the endosymbiotic
Carsonella co-evolved with the secondary endosymbiont to supplement the gene loss (Sloan &
Moran, 2012).
Aphids, insects feeding strictly on phloem sap, have endosymbionts residing in the
hemocel which provide the insect with essential amino acids and act as an ammonia sink. Studies
have shown that aposymbiotic aphids fed substrates lacking one essential amino acid per
substrate had lower survival rates than symbiotic aphids (Dadd & Krieger, 1968). Also,
symbiotic aphids continually thrived better than aposymbiotic aphids regardless of an amino acid
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enriched diet (Mittler, 1971). Wilkinson et al. used symbiotic and aposymbiotic Acyrthosiphon
pisum aphids to study the ability of Buchnera species to assimilate host-derived ammonia into
glutamine. In this study, aphids with Buchnera had higher concentrations of glutamine in the
honeydew (sugar-rich liquid secretions) and tissue homogenates than aposymbiotic aphids
(Wilkinson & Douglas, 1995). The genome of Buchnera sp. APS is highly reduced at only
640kbp and contains 54 genes involved in the biosynthesis of essential amino acids for the aphid
host, but pathways for some essential and nonessential amino acids are incomplete or missing
(Shigenobu et al., 2000). The ability of this bacterium to synthesize these nonessential amino
acids is partly due to the missing genes being present in the aphid genome. Together, the aphid
and its endosymbiont possess the suite of genes necessary for the production of tyrosine and
methionine (Wilson et al., 2010). This finding adds to the knowledge of endosymbionts coevolving with their eukaryotic hosts and the need for the host to maintain the bacteria.
The tsetse fly (Diptera: Glossinidae) relies on its endosymbiont Wigglesworthia
glossinidia, which resides in epithelial cell bacteriocytes. As tsetse feeds on vertebrate blood,
many of the required nutrients for survival come from the bacterial endosymbionts. The genome
of W. glossinidia brevipalpis is 697kbp in length and has a GC-content of 22%, which is
characteristic of endosymbiotic reduced genomes and low %GC. The genome contains genes
involved in the biosynthesis of essential amino acids, multiple cofactors, and B vitamins (Akman
et al., 2002). Tsetse fed antibiotic-spiked blood meals had significantly lower fecundity, showing
that the symbiotic bacteria not only aided in nutrient provision, but also in fly fertility (Pais et al.,
2008).
Bacterial endosymbionts are also found in single-celled eukaryotic protists in the
hindguts of lower termites. Termites feed on nutrient-poor wood substrates and require a plethora
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of gut bacteria to aid in the digestion of wood and nutrient provision for the termite. In lower
termites, this process is enhanced by the presence of flagellate protists (Ohkuma, 2008).
Treponema species have been found in the protist Eucomonympha sp and shown to perform
acetogenesis and nitrogen fixation within the cell. Eucomonypha sp breakdown cellulose into
acetate, H2, CO2, and N2. The Treponema use H2 and CO2 for acetogenesis and fix N2 into NH4,
which is released into the hindgut lumen (Ohkuma et al., 2015). The genome of an uncultured
Bacteroidales endosymbiont of a protist (Pseudotrichonympha grassii) in the termite
Coptotermes formosanus was sequenced and includes genes for nitrogen fixation and uric acid
recycling (Hongoh et al., 2008b). Another protist endosymbiont is an Endomicrobium referred to
as Rs-D17, isolated from a Trichonympha agilis cell in the hindgut of Reticulitermes speratus. It
is estimated that around 4,000 cells od Rs-D17 are present in one T. agilis cell. The genome is
larger than other endosymbionts, at a length of 1,125,857 bp and has a GC-content of 35%. The
Rs-D17 genome contains genes for glycolysis and fermentation of sugars to acetate. The
complete pathways for synthesis of 15 amino acids (and 5 incomplete amino acid pathways)
suggest the importance for the endosymbiont to provide substrates for the protist and termite
(Hongoh et al., 2008a).
Although Endomicrobia bacteria have been known as endosymbionts of protist cells, a
free-living cell has been isolated and its genome sequenced. This bacterium, Endomicrobium
proavitum, was found in the termite Reticulitermes santonensis when defaunated (fed starch)
(Zheng et al., 2016b) and has also been found in higher termites (lacking protists) and ruminant.
The existence of E. proavitum in higher termites and ruminant suggests that the ability to exist as
an endosymbiont developed later. The genome of E. proavitum is 1,588,979 bp in length and has
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a GC-content of 39%. This bacterium can only utilize D-glucose as a carbon source and produces
lactate, acetate, H2, and CO2 (Zheng & Brune, 2015).
The termite hindgut environment varies spatially and can be microaerophilic at the gut
tissue interface, or anaerobic in the center of the lumen. The hindgut paunch of Reticulitermes
flavipes termites is around 800 µm in diameter and through microelectrode analysis, it was found
an oxygen concentration of 50 µM at the hindgut wall. As the electrode went deeper into the
paunch, the oxygen concentration dropped to 0 µM about 100 µm into the paunch (Brune et al.,
1995a). The aposymbiotic midgut was also subjected to microelectrode analysis and it was found
that the midgut never becomes anoxic, maintaining oxygen concentrations of 100-150 µM. This
finding suggested that the microbes residing in the hindgut are responsible for the oxygen
gradient, acting as a sink along the hindgut wall. A simultaneous study was performed to
determine the rate of breakdown of lignocellulose-derived aromatic compounds by the hindgut
community. Crude gut homogenates were kept in anaerobic conditions while the breakdown of
aromatic compounds was measured. It was found that these compounds were not fully
metabolized under anaerobic conditions, suggesting that oxygen was required (Brune et al.,
1995b). As the oxygen concentration diminishes, the hydrogen concentration in the hindgut has
been shown to increase in the lumens center to a partial pressure of 50 mbar (Ebert & Brune,
1997).
The different niches in the hindgut are home to different metabolically active
microorganisms. Bacteria, archaea and protists have been found to colonize the gut wall of lower
termites. Oxymonad protists belonging to the genus Pyrsonympha have been found to inhabit the
microaerophilic niche, attaching to the hindgut wall (Tamschick & Radek, 2013), while other
protist species inhabit the anaerobic lumen. It is hypothesized that the organisms living attached
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to the gut wall utilize the low oxygen concentrations and perform different metabolic functions
than the anaerobic organisms. Along with inhabiting different niches, P. vertens and T. agilis
harbor different bacteria. Trichonympha agilis has both Endomicrobium endosymbionts and
Treponema extosymbionts, while P. vertens organisms only have Endomicrobium
endosymbionts. The differences in bacterial load may also have an impact on the metabolism of
the protist and the endosymbiotic bacteria within them.
Many endosymbionts are unculturable due to the strict reliance on the eukaryotic host.
The advancement in genome sequencing and single genome amplification using F29 DNA
polymerase has enhanced the ability of researchers to study these organisms (Lasken &
Raghunathan, 2005). In this study, five protist species were chosen based on morphology,
isolated in triplicate and identified using 18S rRNA gene sequencing. The DNA and cDNA from
these samples were amplified using multiple displacement amplification and sequenced. The
genomes of Endomicrobia endosymbionts from multiple protist species were compared to a the
free-living E. proavitum (Zheng & Brune, 2015) and to each other along with the comparison of
gene expression. Full pathways for the utilization of various carbon sources were expressed in
both bacteria, along with the biosynthesis of various amino acids and B vitamins. Differential
gene content and expression was found between the bacteria with possible correlations to their
different niches.

Methods
Protist Isolation
Materials used for protist isolation were submerges in RNAse AwayÔ overnight then
rinsed with 70% ethanol and UV sterilized before use. Each termite was dissected separately to
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remove the hindgut paunch, then the hindgut was ruptured into 500 µL of ice cold Trager’s
Solution U (TU) (Trager, 1934). After rupturing the paunch, the hindgut contents were
centrifuged twice for 90 seconds at 3k RPM to enrich for protist cells. The protist cells were then
diluted 1:5 in TU and kept on ice. Protist aliquots of 10 µL were added to a microscope slide and
a single live protist was targeted and removed from the aliquot using an CellTramâ Vario
(Eppendorf). The isolated cell was placed in three separate drops of TU to be washed then added
to a 10 µL drop of phosphate buffered saline (PBS). The cell in a 10 µL suspension was added to
a PCR tube and immediately placed on dry ice, and then stored in a -80˚C freezer. This process
was completed until four protist cells from each of five species was obtained. Negative control
samples were prepared by adding 2 µL of TU from the last TU droplet on the microscope slide
along with 8 µL of PBS on the same slide. The isolated samples were named by the protist
genus, species, and number of isolation. Protists isolated for this study include Trichonympha
agilis (TA) and Pyrsonympha vertens (PV).

Whole Genome and Whole Transcriptome Amplification
The genome (DNA) and transcriptome (cDNA) from the protist cells were amplified
between 12-24 hours after isolation. Cell lysis and amplification was performed using the Replig WGA/WTA kit (Qiagen). Cells were lysed using a Qiagen lysis buffer and incubation step,
immediately followed by incubation on ice. Aliquots from the same lysed cell were separated
and used in simultaneous whole genome amplification and whole transcriptome amplification.
The process was carried out per the kits standard protocol with exception of the addition of
primers for amplification. For two samples per protist species, random hexamer primers were
used to amplify mostly bacterial DNA and cDNA.
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Library Preparation and Sequencing
DNA and cDNA was sheared using a Covaris M220 ultra-sonicatorÔ according to
standard protocol. WGA samples were sheared to a 550 bp insert size using 200 ng of DNA and
WTA samples were sheared to a 350 bp insert size using 100 ng of cDNA. Sequencing libraries
were prepared using the TruSeq Nano DNA Library Prep kit from Illumina according to standard
protocol. Each sample was prepared with a forward and reverse barcode for the ability to add all
samples on the same sequencing run. The samples were sequenced on one Illumina NextSeq
1x150 Mid Output run and two NextSeq 1x150 High Output runs.

Quality Control of Metagenomes and Metatranscriptomes
Raw Illumina Read1 and Read2 files from all three runs were concatenated and then
paired using BBMap (Bushnell, 2014). Paired reads were quality trimmed using BBDuk based
on a phred score of Q15, removal of homopolymers, removal of Illumina adapters, and read
length of >50 nt (www.jgi.doe.gov). Trimmed datasets were mapped to reference genomes of
known contaminants and reads that mapped with 95% coverage to the reference were discarded.
After trimming, rRNA reads were removed from the WTA samples and WGA samples were
normalized and duplicate reads were removed.

Draft Genome Assemblies
Metagenomes of Endomicrobium sp. TA21 and Endomicrobium sp. PV7 from
Trichonympha agilis (TA21) and Pyrsonympha vertens (PV7) respectively, were assembled
using the A5 pipeline in Kbase (Tritt et al., 2012). Kbase starts by cleaning reads with
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Trimmomatic (Bolger et al., 2014), followed by error correction with SGA (Simpson & Durbin,
2010), contig assembly using IDBA-UD (Peng et al., 2010), initial scaffolding with SSPACE
(Boetzer et al., 2011), missasembly correction with BWA (Kelley et al., 2010), and final
scaffolding using repaired broken contigs. Scaffolds were binned using VizBin (Laczny et al.,
2015) by kmer frequency of 4. A blastn (Altschul et al., 1990) search was performed each
scaffold present in the Endomicrobia bin, against a database of all Endomicrobia reference
genomes. If there was a significant hit (E-value <1015, 80% sequence identity, >1kb length) to a
reference genome, the scaffold was entered into the draft genome. For scaffolds without a
significant hit to a reference genome, a blastn search was performed against the non-redundant
database, and scaffolds with a hit to Endomicrobia were considered for the draft genome. Blastn
was also used to search the scaffolds not present in the original Endomicrobia bin, and any
scaffolds hitting to the Endomicrobia reference genomes were also added to the draft genome.
The 16S rRNA genes from a published Endomicrobia genome were used as a reference to find
16S rRNA genes in the draft genome. The program RNAmmer (Lagesen et al., 2007) was also
used to find rRNA genes to be added to the draft genomes. The draft genomes were uploaded to
the RAST (Rapid Annotation using Subsystem Technology, www.rast.nmpdr.org) server and
annotated using RASTtk (Brettin et al., 2015).

Metatranscriptome Mapping
Metatranscriptomes from Trichonympha agilis and Pyrsonympha vertens samples were
analyzed with CLC Genomics Workbench v.9 (https://www.qiagenbioinformatics.com), using
the draft genomes for Endomicrobium sp. TA21 and Endomicrobium sp. PV7 for reference. The
expression value of each gene was calculated using the following equation and log2 transformed:
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𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑣𝑎𝑙𝑢𝑒 =

# 𝑟𝑒𝑎𝑑𝑠 𝑚𝑎𝑝𝑝𝑒𝑑 𝑡𝑜 𝑡𝑎𝑟𝑔𝑒𝑡
(𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑔𝑒𝑛𝑒 𝑖𝑛 𝑘𝑏 × (𝑡𝑜𝑡𝑎𝑙 𝑟𝑒𝑎𝑑𝑠 𝑚𝑎𝑝𝑝𝑒𝑑 𝑖𝑛 𝑚𝑖𝑙𝑙𝑖𝑜𝑛𝑠

Results
Metagenome and Metatranscriptome Sequencing of Two Protist Species
Two protist species were selected for this study based on the differences of the protists
themselves (different lineages), differences of associated symbionts, and differences of
environmental niches, Trichonympha agilis and Pyrsonympha vertens. Three protist cells were
isolated and subjected to simultaneous whole genome and whole transcriptome amplification and
the resulting samples were sequenced. One cell for each protist species was also amplified using
oligo-dT primers to select for protist transcripts. Fourteen total libraries, metagenomes and
metatranscriptomes, were sequenced. The sequences for each sample were quality filtered and
shown in Table 1. While the protists have both endosymbionts and ectosymbionts, the draft
genomes from the endosymbionts assembled into higher quality genomes, with the best quality
genomes being for Endomicrobium sp. PV7 and Endomicrobium sp. TA21. These bacteria are
endosymbionts of protists from two different taxonomic groups, Parabasalids (TA21) and
Oxymonads (PV7), and inhabit different environmental niches in the termite hindgut (anaerobic
and microaerophilic, respectively). Trichonympha agilis harbors endosymbionts along with
ectosymbionts from the genus Treponema, while P. vertens only harbors endosymbionts. The
draft genomes for these bacteria were assembled, checked for completeness, and were made up
of 116 (PV7) and 25 (TA21) scaffolds (Table 2).
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Comparison of Endomicrobium Genomes
Draft genomes were created for Endomicrobium sp. PV7 and Endomicrobium sp. TA21
and genome content was compared. The genome of Endomicrobium sp. PV7 is 1.25 Mb in size,
consisting of 116 scaffolds with a GC content of 35.6%. Genomes were then added to a program
(CheckM) that assesses genome completeness based on the presence of marker genes commonly
found in closely related reference genomes. Endomicrobium sp. PV7 appears to be 92.6%
complete and Endomicrobium sp. TA21, 96.6% complete and contain 1,334 and 1,309 genes,
respectively. While the draft genomes were similar, it appears that the Endomicrobium
symbionts from Pyrsonympha vertens and Trichonympha agilis are different species (Figure 1).
A blast comparison using Blast Ring Image Generator (BRIG) was carried out with the two
endosymbiont draft genomes and a non-intracellular (“free-living”) symbiont, Endomicrobium
proavitum and showed a ~20% reduction in the genomes of Endomicrobium sp. PV7 (22%) and
TA21 (19%), or that E. proavitum gained genes (Alikhan et al., 2011). A comparison of genes
differing between the free-living E. proavitum and the endosymbionts Endomicrobium sp. PV7
and TA21 (Figure 2). To correct for the draft genomes not being complete, a closed
endosymbiont of the same genus, Endomicrobium Rs-D17 was also used in this comparison.
Also, the transcriptomes of Endomicrobium sp. PV7 and TA21 were mapped to the genomes of
Rs-D17 and E. proavitum to further confirm the genes were absent. Endomicrobium proavitum
contains genes for the biosynthesis of proline, DNA repair, membrane transporters, protein
biosynthesis, osmotic stress, and resistance to toxic compounds, all of which are absent from the
three endosymbionts. The endosymbionts contain genes for arabinose and hexuronate
catabolism, synthesis of B vitamins, restriction-modification systems, protein degradation, RNA
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metabolism and modification, cold shock proteins, and carbon starvation response proteins.
These gene categories may contribute to a free-living vs. endosymbiotic state of these bacteria.

Carbon Utilization in Endomicrobium sp. PV7 and Endomicrobium sp. TA21
Carbon utilization pathways were found in the draft genomes to the two endosymbiotic
Endomicrobia and the expression data for the genes in the pathways was compared. The
endosymbionts of both Pyrsonympha vertens and Trichonympha agilis have the ability to utilize
D-glucose as a carbon source (Figure 3). All genes in the glycolysis pathway are present in the
respective draft genomes and the bacteria both express all genes in the pathway. As this is the
only carbon utilization pathway that both bacteria express, suggesting that D-glucose is the main
carbon nutrient for these bacteria. Gulonate, a hexamer derived from pectin can be used by both
species as well, with expression of genes catabolizing gulonate to glyceraldehyde-3P, however,
Endomicrobium sp. PV7 doesn’t possess one of the genes, Uronate Isomerase, to complete this
catabolism. Both bacteria also contain the genes for xylulose import and catabolism to Dribulose and b-D-fructose-6P. Endomicrobium sp. PV7 also contains genes for the metabolism of
arabinose from xylulose. Endomicrobium sp. TA21 has the additional ability to catabolize
cellulose and glucuronate (another derivative of plant pectin). Cellulose can be broken down
using the cellulase b-1,4-glucanase, leading into glycolysis for further catabolism. Glucuronate is
imported into the cell and catabolized to pyruvate. The ability for Endomicrobium sp. TA21 to
breakdown cellulose and glucoronate may suggest that the T. agilis protist cell breaks down
components of wood and plant pectins into these substrates making them readily available for the
endosymbiont to utilize them.
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Biosynthesis in Endomicrobium sp. PV7 and TA21
The ability for bacteria to synthesize compounds in the protist symbiosis is important due
to the lack of these compounds in the wood meal, especially amino acids and B vitamins.
Biosynthesis genes for fifteen amino acids were present in both Endomicrobium draft genomes
and transcriptomes (Figure 3). Neither Endomicrobium sp. PV7 nor TA21 retained full pathways
for lysine, threonine, or methionine biosynthesis. To determine if the genes were detected in the
transcriptome, the draft genome from the opposite bacterium was used as the reference for RNASeq analysis (PV7 genome for TA transcriptomes, TA21 genome for PV transcriptomes). Some
of the “missing genes” were present in the transcriptomes, which suggests an annotation error,
but others were confirmed to be missing and marked with a gray ‘X’ in Figure 3. To determine
whether transcriptome mapping to a different genome would not alter the expression value
problem, six housekeeping genes (dnaJ, dnaK, gyrA, gyrB, groEL, groES) were compared
(Figure 5/Table 3). There was no pattern of differential expression values in the six
housekeeping genes. Both bacteria maintain the full biosynthesis pathways for isoleucine,
leucine, valine, serine, glutamine, aspartate, and phenylalanine. Endomicrobium sp. PV7 has the
ability to synthesize proline, while Endomicrobium sp. TA21 is missing these required genes.
Endomicrobium sp. TA21 expresses genes for the synthesis of tryptophan, tyrosine, histidine,
and arginine. However, Endomicrobium sp. PV7 only expresses about half of the genes for each
pathway. Both bacteria can synthesize fumarate and malate but retain incomplete pathways for
the citric acid cycle. Endomicrobium sp. TA21 expresses an Acetyl-coenzyme-A carboxyl
transferase gene, leading to the production of acetate which is the major nutrient source of the
termite. Biotin, a B-vitamin thought to be an important cofactor produced by Endomicrobium
species is synthesized by both endosymbionts, along with pantothenate and folate. Partial
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pathways are also expressed for thiamine, cobalamin, and riboflavin. Genes for the catabolism of
riboflavin to FAD (flavin adenine dinucleotide) are expressed, which suggests that the
incomplete pathway may be due to incomplete genome assembly or annotation. The biosynthesis
pathways in Endomicrobium sp. PV7 and TA21 shed light on not only the metabolism of the
bacteria, but may lead to hypotheses regarding the physiology of the protists as well.

Niche-specific Genes in Endomicrobium sp. PV7 and TA21
Pyrsonympha vertens and Trichonympha agilis protists inhabit different niches in the
termite hindut. Pyrsonympha. vertens attaches to the hindgut wall residing in a microaerophilic
environment with low hydrogen concentrations, while T. agilis cells persist in the anaerobic
hindgut lumen, with high hydrogen concentrations. It has been hypothesized that each protist
performs different functions due to the differences in the environment in which they live.
Therefore, it is imaginable that the endosymbiotic bacteria within those protists also perform
different functions. A comparison of the endosymbionts genomes showed 636 shared genes
between the two bacteria, and each had about 100 unique genes. Endomicrobium sp. PV7 and
Endomicrobium sp. TA21 express genes for a membrane aerotolerance protein complex in the
batI operon. Interestingly, Endomicrobium sp. PV7 possesses the batB gene which is missing
from the genome of Endomicrobium sp. TA21, and expresses the suite of bat genes at higher
levels (Figure 4). In contrast, Endomicrobium sp. TA21 contains the complete pathway for
glucoronate catabolism, whereas Endomcirobium sp. PV7 is missing the first two genes in the
pathway (Figure 4). Along with the difference in gene content, Endomicrobium sp. TA21 also
has higher expression of the remaining genes in the glucuronate metabolism pathway compared
to Endomicrobium sp. PV7.
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Discussion
Bacteria from the phylum Elusimicrobia (previously known as Termite Group 1 (TG1))
have been identified as specific to the guts of termites, and is represented thus far by three
bacterial genomes. These bacteria have been thought to be strict endosymbionts of the protist
cells living inside the termite hindgut. One organism, Endomicrobium proavitum, was cultured
and sequenced from the termite Reticulitermes santonensis and is presumed to be a free-living
bacterium (Zheng et al., 2016b). The genome of E. proavitum is 1.58Mbp in size with a GCcontent of 39%. Two other Endomicrobium symbionts, Endomicrobium sp. Rs-D17 (1.25 Mbp,
35% GC) from protists in Reticulitermes speratus and Endomicrobium minutum (1.64 Mbp, GC
not reported) from the scarab beetle Pachnoda aphippiata (Geissinger et al., 2009; Hongoh et al.,
2008a). In comparison, the two endosymbionts from R. flavipes protists, Endomicrobium sp.
PV7 and TA21 have 35% GC content and 1.25 Mbp/1.36 Mbp sized genomes, respectively. It is
known that genome reduction and low %GC occurs in strict endosymbiotic bacteria (Sloan &
Moran, 2012), which is indicative of the endosymbiont not requiring many genes because of the
protective environment or supplementation of substrates from the host. Carsonella, an
endosymbiont of psyllids, was shown to have active gene loss and supplemented by a secondary
symbiont of the psyllid (Sloan & Moran, 2012). Both of the Endomicrobium genomes in this
study appear to have reduced genomes and low GC-content, which are similar in size and %GC
to the endosymbiont Rs-D17, however more analysis is required to confirm the reduced genomes
as these are not closed.
Endomicrobium proavitum and the endosymbionts (Endomicrobium sp. PV7, TA21, and
Rs-D17) have several groups of genes that differ, suggesting their roles may be specific to the
symbiotic state of the bacterium. Endomicrobium proavitum contains genes for proline
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biosynthesis which have been shown to be absent from Rs-D17 (Hongoh et al., 2008a) and are
also absent from the endosymbionts in this study. This genome also has genes contributing to
DNA repair which are absent from the endosymbionts, which has been shown in other
endosymbiotic reduced genomes (Sloan & Moran, 2012). Protein synthesis genes are also
present in E. proavitum along with membrane transporter genes, such as the opp (oligopeptide
permease) gene cluster, which is important in nutrition and signaling (Nepomuceno et al., 2007).
The final gene categories present in E. proavitum and absent in the endosymbionts are for
osmotic stress and resistance to toxic compounds which may be more important for this
bacterium compared to intracellular symbionts that are protected from the environment of the
hindgut. The endosymbiotic bacteria also have several gene clusters specific to their genomes
such as arabinose and hexuronate catabolism from hemicellulose and plant pectins, respectively.
The presence of these genes in the endosymbionts and not in the free-living symbiont suggests
that these bacteria require substrates from the protist after hemicellulose and plant pectin
degradation. The endosymbionts also contain genes for the synthesis of multiple B vitamins such
as thiamin, biotin, folate, and riboflavin, all of which are not present in the genome of E.
proavitum. Multiple genes for a restriction-modification (RM) system is present in the
endosymbionts which has been suggested as an important feature of termite protist
endosymbiotic bacteria due to the ability of viruses and other bacteria entering the protist
cytoplasm through ingestion of wood particles (Zheng et al., 2016a). Along with the RM system,
genes for RNA metabolism/modification and protein degradation were also present in the
endosymbionts. Finally, genes for cold shock proteins and carbon starvation response proteins
were found in the endosymbionts. The presence and absence of genes in either the free-living or
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endosymbiotic Endomicrobia suggest these gene categories as promising endosymbiont-specific
genes, as well as provide further evidence on the physiology of the protists in which they live.
The gene expression data of Endomicrobium sp. PV7 and TA21 show that the bacteria
are able to use D-glucose as a carbon source, which has also been suggested to be the main
carbon source for other Endomicrobium species. Endomicrobium proavitum seems to only be
able to metabolize D-glucose, while it is used by Rs-D17 and E. minutum, among other sources
(Geissinger et al., 2009; Hongoh et al., 2008a; Zheng et al., 2016b). Endomicrobium minutum
has been shown to utilize D-fructose, D-galactose, and N-acetyl-D-glucosamine as well
(Geissinger et al., 2009). D-glucose is a component that makes up cellulose, which has been
shown to be broken down by the protists of the hindgut (Tartar et al., 2009). Endomicrobium sp.
TA21 also expresses genes for the breakdown of cellulose to cellobiose and the breakdown of
gulonate to Glyceraldehyde-3P, which both feed into glycolysis. Endomicrobium sp. PV7
expresses the genes to import and breakdown xylulose to arabinose. Xylulose is a component of
hemicellulose, which is a more complex, branched polymer (Kluepfel, 1988). It is not known
which protist species express the genes for the degradation of different wood substrates, but
perhaps the ability of Endomicrobium sp. PV7 to metabolize xylulose suggests that P. vertens
contains enzymes for hemicellulose degradation while T. agilis may contain enzymes for
cellulose and plant pectin degradation.
An important role for symbionts of organisms that feed on nutrient-poor diets, is the
ability to biosynthesize essential amino acids, cofactors, and vitamins. Aposymbiotic aphid
development is halted even when fed amino acids in addition to the normal diet of phloem sap,
showing the endosymbionts are necessary for amino acid production (Mittler, 1971). As wood is
a nutrient-poor diet, the termites require the symbionts to breakdown the substrate and provide
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nutrition to the termite. Endomicrobium sp. PV7 and TA21 express genes for the synthesis of
fifteen amino acids, including eight essential amino acids. Neither bacterium retains the ability to
synthesize alanine, asparagine, cysteine, lysine, or methionine. The lysine and methionine
pathways are represented by few genes in each bacterium, which provides evidence for a reduced
genome and that the bacteria may need aid from the protist or other symbionts. Wilson et. al.
identified three amino acid synthesis pathways that require both the endosymbiont Buchnera
aphidicola and the pea aphid host Acyrthosiphon pisum (Wilson et al., 2010). Endomicrobium
Rs-D17 has the ability to synthesize fifteen amino acids and must import asparagine, cysteine,
glutamine, proline, and serine. Unlike Rs-D17, Endomicrobium sp. PV7 and TA21 have the
ability to synthesize glutamine, proline and serine. The free-living E. proavitum has the ability to
synthesize all amino acids needed for protein synthesis, which was determined by the ability of
the bacterium to grow on minimal medium without amino acids added (Zheng et al., 2016b).
Endomicrobium sp. PV7 and TA21 also express genes for the production of many B vitamins,
such as biotin, folate, pantothenate, and partial B12 synthesis. Although these results coincide
with findings from other endosymbiotic bacteria, the genomes of Endomicrobium sp. PV7 and
TA21 are not closed so the results must be verified by other methods.
Along with the ability for Endomicrobium sp. TA21 to utilize D-glucose, cellulose, and
gulonate as carbon sources, it also expresses genes for the pathway of glucuronate catabolism.
Glucuronate is a product of plant pectins and has been shown to be degraded by Erwinia
chrysanthemi, a bacterium responsible for soft-rot disease in plants (Hugouvieux-Cotte-Pattat &
Baudouy, 1987). Pectin is first degraded by a pectin lyase (absent from Endomicrobium sp.
TA21) then transported into the bacterial cell via a hexuronate transporter. From there, it can be
further broken down to pyruvate. While Endomicrobium sp. PV7 contains the genes for half of
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the catabolism pathway, it is missing the gene for transport into the cell (exuT) and the first gene
(uxaC) for catabolism. The expression of genes for the import and catabolism of glucuronate but
the absence of the pectin lyase suggests that the protist digests pectin to glucuronate which can
then be broken down to pyruvate by the bacterium. The differences in carbon utilization of
Endomicrobium sp. PV7 and Endomicrobium sp. TA21 suggests that the protist hosts contain
different enzymes to breakdown cellulose, pectin, and hemicellulose, providing different
substrates to the bacteria.
The genes present in the genomes of Endomicrobium sp. PV7 and Endomicrobium sp.
TA21 were compared and the two bacteria share 636 genes and each bacterium contains 100 and
105 unique genes, respectively. Because P. vertens and T. agilis occupy different niches, it was
hypothesized that the endosymbionts present within each protist would express different genes
allowing them to thrive in the different environments of their hosts. Pyrsonympha vertens lives
attached to the hindgut lumen in a microaerophilic environment, while T. agilis lives in the
anaerobic hindgut lumen (Tamschick & Radek, 2013). It has been shown that the
microorganisms attached to the gut wall act as an oxygen sink consuming the oxygen coming
through the termite tissue, rendering the rest of the gut anaerobic (Brune et al., 1995a). As P.
vertens consumes oxygen, it is likely that the endosymbionts will be exposed to oxygen radicals
and need to express enzymes that protect against oxidative stress. A previous study found that
specific transposon mutants retarded the ability for Bacteroides fragilis to infect tissue
monolayers in an aerobic hood (Tang et al., 1999). Bacteroides fragilis is an anaerobic bacterium
but has the ability to survive under oxygen conditions. The transposon mutants showed
disruptions in the Bacteroides aerotolerance operon (batI). The batI operon consists of genes
batABCDE, which are all hypothesized to encode for a membrane-bound protein that exports
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components with reducing power or reduces periplasmic proteins. A transposon mutant in batB
inhibited the ability of B. fragilis to grow on the tissue monolayer completely. Endomcirobium
sp. TA21 contains the genes for batACDE, but is missing batB. Endomicrobium sp. PV7 contains
all the genes in the batI operon and expresses batCDE at 2-fold higher levels than
Endomicrobium sp. TA21, with the highest expression levels for batB. The presence and high
levels of expression of the batI operon in Endomicrobium sp. PV7 suggests the ability to survive
a microaerophilic environment presented by the host protist attachment to the hindgut wall.
Symbionts are known to provide their host organism with a plethora of substrates used
for nutrition and cellular metabolism. Endosymbionts form a special, intimate relationship with
their host organism as they reside inside of the hosts cells, and are especially important in insects
with nutrient-poor diets (Aksoy, 2000; Sloan & Moran, 2012; Wilson et al., 2010; Wu et al.,
2006). Termites harbor a vast number of symbionts consisting of protists, bacteria, and archaea,
creating a complex gut environment. While there have been studies of the gut environment
(Brune et al., 1995a), bacterial composition (Benjamino & Graf, 2016; Mikaelyan et al., 2015),
archeal composition (Leadbetter & Breznak, 1996), whole gut metatranscriptomes (Tartar et al.,
2009), and various genomes (Graber et al., 2004; Hongoh et al., 2008a; Hongoh, Sharma,
Prakash, Noda, Toh, et al., 2008b), there is still much to learn about the termite hindgut. This
study of the metagenomes and metatranscriptomes of the protist endosymbionts begins to shed
light on the intimate relationships of this nested symbiosis. By studying the metabolism of the
bacteria associated with the hindgut protists, we can begin to understand the habitat, food
sources, and physiology of the protist host.
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Table 1. Sequencing and quality control statistics of metagenome and metatranscriptome
samples from single Pyrsonympha vertens and Trichonympha agilis cells.
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Table 2. Draft genome assembly metrics for Endomicrobium sp. PV7 and Endomicrobium
sp. TA21.
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Figure 1. Comparison of Endomicrobium genomes. The draft genomes of Endomicrobium sp.
PV7 (purple) and Endomicrobium sp. TA21 (red) were compared to the genome of the freeliving Endomicrobium proavitum (blue ring). The gaps shown in the red and purple rings shows
genome reduction from the free-living bacterial genome to the endosymbiotic genomes. The
black lines show a relatively low GC content, while the purple line shows a negative GC skew
(low %GC) and the green line shows a positive GC skew (high %GC).
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Figure 2. Intracellular and extracellular symbiont-specific genes found in Endomicrobium
species. Genomes from the free-living E. proavitum and endosymbiotic Endomicrobium sp.
PV7, TA21, and Rs-D17 were scouted for intracellular or extracellular symbiont specific genes.
The categories and subcategories of these genes were grouped by annotation on RAST.
Categories of interest were DNA repair and osmotic stress genes present in E. proavitum and
monosaccharide catabolism, B vitamin synthesis, and restriction-modification genes present in
the endosymbionts.
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Figure 3. Metabolic pathways of Endomicrobium sp. PV7 and Endomicrobium sp. TA21. Metabolic pathways for both
Endomicrobium species are mapped and the expression values of the genes in each bacterium are shown in the heatmaps (in order of
pathway). The order of the samples in the heatmaps is as follows: PV1/PV7/TA21/TA26. Carbon utilization pathways are colored in
blue, amino acid biosynthesis in green, B vitamin synthesis in purple, and other cofactors in orange. Genes that are not present in the
genome or transcriptome have a gray X through the box.

Figure 4. Differential expression of hexuronate catabolism and aerotolerance in
Endomicrobium sp. PV7 and TA21. A comparison of the genes present in Endomicrobium sp.
PV7 and Endomicrobium sp. TA21 showed that 636 genes were shared between the bacteria, and
Endomicrobium sp. PV7 and TA21 have 100 and 105 unique genes, respectively. Among the
different genes were the pathways for hexuronate catabolism in TA21 and the BatI aerotolerance
operon in PV7. Expression values were log2 transformed and shown in the heatmaps. Genes
absent from a genome are depicted as an X through the box.
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Figure 5. Expression data of six housekeeping genes mapping to different reference
genomes. Endomicrobium sp. PV7 and Endomicrobium sp. TA21 genomes were used as a
reference for mapping transcriptomes from the same species of protist. Alternatively,
Endomicrobium sp. PV7 was used as a reference genome for transcriptome mapping of TA
samples, and visa-versa. The expression values were log2 transformed and mapped. Overall
patterns between the datasets were similar regardless of reference genome used.
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Table 3. Standard deviation of expression values of transcriptomes
mapped to two reference genomes.

+

PV1
1.55
1.01
0.53
1.19
0.08
0.79

PV7
6.84
0.84
1.05
0.49
1.79
1.10

TA21
0.73
0.46
0.09
0.38
0.38
0.01

TA26
0.39
0.63
0.46
0.29
0.86
0.61

Standard deviations were calculated from the Log2 transformed
expression values of each transcriptome mapped to its respective
genome compared with the same transcriptome mapped to the
genome of the other Endomicrobium species.
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Carbohydrates

Amino Acids and Derivatives

Peptidoglycan Biosynthesis

Polysaccharides

Monosaccharides

Fermentation

Di- and oligosaccharides

Central carbohydrate metabolism

Aminosugars

Proline and 4-hydroxyproline

Lysine, threonine, methionine, and cysteine

Histidine Metabolism

Aromatic amino acids and derivatives

Arginine; urea cycle, polyamines

Alanine, serine, and glycine

Table 4. Intracellular and extracellular symbiont specific genes catego rized by RAST.
Category
RAST Subcategory
RAST Role
D-3-phosphoglycerate dehydrogenase
2-amino-3-ketobutyrate coenzyme A ligase
Glycine cleavage system transcriptional antiactivator GcvR
Iron-sulfur cluster regulator IscR
Serine transporter
Carboxyrspermidine dehydrogenase, putative
Ornithine decarboxylase
Amino acid-binding ACT
Biosynthetic Aromatic amino acid amitransferase beta
Indolepyruvate oxidoreductase subunit IorA
Indolepyruvate oxidoreductase subunit IorB
Prephenate dehydrogenase
Phosphoribosyl-AT P pyrophosphatase
Cystathionine beta-lyase
Cystathionine beta-synthase
Cystathionine gamma-lyase
Cysteine synthase
Homoserine O-acetyltransferase
L,L-diamipimelate amitransferase
Lysine decarboxylase
Lysine decarboxylase 2, constitutive
Meso-diamipimelate D-dehydrogenase
Methionine ABC transporter substrate-binding protein
N-acetyl-L,L-diamipimelate deacetylase
N-succinyl-L,L-diamipimelate desuccinylase
O-acetylhomoserine sulfhydrylase
O-succinylhomoserine sulfhydrylase
Pyruvate-flavodoxin oxidoreductase
S-ribosylhomocysteine lyase
Serine acetyltransferase
Sulfate permease
Gamma-glutamyl phosphate reductase
Glutamate 5-kinase
Pyrroline-5-carboxylate reductase
RNA-binding C-terminal domain PUA
YggS, proline synthase co-transcribed bacterial homolog
PTS system, N-acetylglucosamine-specific IIA component
PTS system, N-acetylglucosamine-specific IIB component
PTS system, N-acetylglucosamine-specific IIC component
Acetaldehyde dehydrogenase
Acetyl-coenzyme A synthetase
Glucokinase
Glycolate dehydrogenase GlcD
NAD-dependent protein deacetylase of SIR2 family
Phosphoglycerate mutase
Pyruvate:ferredoxin oxidoreductase, alpha subunit
Pyruvate:ferredoxin oxidoreductase, beta subunit
Pyruvate:ferredoxin oxidoreductase, delta subunit
Pyruvate:ferredoxin oxidoreductase, gamma subunit
PTS system, maltose and glucose-specific IIB component
PTS system, maltose and glucose-specific IIC component
L-lactate dehydrogenase
2-dehydro-3-deoxygluconate kinase
2-dehydro-3-deoxyphosphogluconate aldolase
Arabinose-proton symporter
D-mannate oxidoreductase
D-mannonate oxidoreductase
Hexose phosphate uptake regulatory protein UhpC
Hexuronate transporter
L-arabinose isomerase
L-ribulose-5-phosphate 4-epimerase
Mannate dehydratase
Mannonate dehydratase
Manse-1-phosphate guanylyltransferase
PTS system, fructose-specific IIA component
PTS system, fructose-specific IIB component
PTS system, fructose-specific IIC component
PTS system, manse-specific IIC component
PTS system, manse-specific IID component
Pyrimidine-nucleoside phosphorylase
Ribulokinase
Uronate isomerase
1,4-alpha-glucan branching enzyme, GH-13-type
Glycogen branching enzyme, GH-57-type, archaeal
Glycogen phosphorylase
Glycogen synthase, ADP-glucose transglucosylase
NAD(P)HX dehydratase
Soluble lytic murein transglycosylase precursor
UDP-N-acetylelpyruvoylglucosamine reductase
UDP-N-acetylmuramoylalanyl-D-glutamyl-2,6-diamipimelate
EC 3.2.1.EC 1.1.1.158
EC 6.3.2.10

EC 5.3.1.4
EC 5.1.3.4
EC 4.2.1.8
EC 4.2.1.8
EC 2.7.7.13
EC 2.7.1.69
EC 2.7.1.69
EC 2.7.1.69
EC 2.7.1.69
EC 2.7.1.69
EC 2.4.2.2
EC 2.7.1.16
EC 5.3.1.12
EC 2.4.1.18
EC 2.4.1.18
EC 2.4.1.1
EC 2.4.1.21

EC 1.1.1.57
EC 1.1.1.57

EC 5.4.2.1
EC 1.2.7.1
EC 1.2.7.1
EC 1.2.7.1
EC 1.2.7.1
EC 2.7.1.69
EC 2.7.1.69
EC 1.1.1.27
EC 2.7.1.45
EC 4.1.2.14

EC 2.7.1.69
EC 2.7.1.69
EC 2.7.1.69
EC 1.2.1.10
EC 6.2.1.1
EC 2.7.1.2
EC 1.1.99.14

EC 1.2.1.41
EC 2.7.2.11
EC 1.5.1.2

EC 3.5.1.47
EC 3.5.1.18
EC 2.5.1.49
EC 2.5.1.48
EC 1.2.7.EC 4.4.1.21
EC 2.3.1.30

EC 2.6.1.57
EC 1.2.7.8
EC 1.2.7.8
EC 1.3.1.12
EC 3.6.1.31
EC 4.4.1.8
EC 4.2.1.22
EC 4.4.1.1
EC 2.5.1.47
EC 2.3.1.31
EC 2.6.1.83
EC 4.1.1.18
EC 4.1.1.18
EC 1.4.1.16

EC 1.1.1.EC 4.1.1.17

EC Number
EC 1.1.1.95
EC 2.3.1.29

✓
✓
✓
✓

✓

✓

✓

✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓

✓
✓
✓
✓
✓

✓
✓
✓
✓

✓
✓

Endomicrobium proavitum
✓

✓

✓
✓

✓

✓
✓

✓
✓

✓
✓

✓
✓

✓

Endomicrobium sp. PV7

✓
✓
✓

✓

✓
✓
✓
✓
✓

✓
✓

✓
✓
✓
✓

✓
✓

✓
✓
✓
✓
✓
✓
✓

✓

✓
✓
✓
✓
✓

✓
✓

✓

✓
✓

Endomicrobium sp. TA21

✓
✓
✓
✓

✓

✓
✓
✓
✓
✓

✓

✓

✓

✓
✓

✓
✓
✓
✓
✓

✓
✓

✓

✓
✓
✓

Endomicrobium Rs-D17
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DNA Metabolism

Cofactors, Vitamins, Prosthetic Groups, Pigments

Clustering-based subsystems

Cell Wall and Capsule

DNA repair

CRISPR

Restriction-Modification System

Riboflavin, FMN, FAD

NAD and NADP

Lipoic acid

Folate and pterines

Biotin

Thiamin biosynthesis

Cell Division

Miscellaneous

Stationary phase repair cluster

Methyltransferase

Cell division-ribosomal stress proteins cluster

Bacterial RNA-metabolizing Zn-dependent hydrolases

Aerotolerance

Gram-Negative cell wall components

Capsular and extracellular polysacchrides

Alpha-L-Rha alpha-1,2-L-rhamsyltransferase
dTDP-4-dehydrorhamse 3,5-epimerase
dTDP-glucose 4,6-dehydratase
Glucose-1-phosphate cytidylyltransferase
Glucose-1-phosphate thymidylyltransferase
ADP-heptose--lipooligosaccharide heptosyltransferase II
Beta-1,3-glucosyltransferase
Beta-1,4-galactosyltransferase
Phosphoheptose isomerase 1
UDP-3-O-[3-hydroxymyristoyl] N-acetylglucosamine deacetylase
BatA (Bacteroides aerotolerance operon)
BatB
BatC
BatD
BatE
hypothetical protein PA3071
MoxR-like AT Pase in aerotolerance operon
TPR domain protein in aerotolerance operon
Cell division protein FtsK
Trk system potassium uptake protein TrkA
TsaD/Kae1/Qri7 protein
SSU ribosomal protein S1p
Transcription accessory protein (S1 RNA-binding domain)
Adenine-specific methyltransferase
Protein-N(5)-glutamine methyltransferase PrmC
Cell division protein FtsL
FIG139438: lipoprotein B
16S rRNA (guanine-N2)-methyltransferase
AT P phosphoribosyltransferase
Cytoplasmic axial filament protein CafA and Ribonuclease G
FIG000325: clustered with transcription termination protein NusA
FIG002344: Hydrolase (HAD superfamily)
FIG004453: protein YceG like
FIG007959: peptidase, M16 family
FIG116849: hypothetical protein
FIG131328: Predicted AT P-dependent endonuclease of the OLD family
FIG146085: oligoribonuclease A, Bacillus type
Magnesium and cobalt efflux protein CorC
Membrane-bound lytic murein transglycosylase D precursor
Organic solvent tolerance protein precursor
Penicillin-binding protein 2 (PBP-2)
Pyruvate,phosphate dikinase
Replicative DNA helicase
Ribosomal RNA large subunit methyltransferase N
Rod shape-determining protein MreC
Serine/threonine protein kinase PrkC, regulator of stationary phase
tRNA pseudouridine synthase B
Cell division protein FtsQ
GTPase and tRNA-U34 5-formylation enzyme TrmE
Protein YidD
rRNA small subunit 7-methylguasine (m7G) methyltransferase GidB
tRNA uridine 5-carboxymethylamimethyl modification enzyme GidA
Sulfur carrier protein adenylyltransferase ThiF
Thiazole biosynthesis protein ThiG
8-amino-7-oxonaate synthase
Adenosylmethionine-8-amino-7-oxononanoate aminotransferase
Adesylmethionine-8-ami-7-oxonaate amitransferase
Competence protein F homolog, phosphoribosyltransferase domain
Dethiobiotin synthetase
Alcohol dehydrogenase
Hydroxyethylthiazole kinase
Thymidylate synthase thyX
Lipoate synthase
ADP-ribose pyrophosphatase
C-terminal domain of CinA type S
Nicotinamide-nucleotide adenylyltransferase, NadM family
8-amino-7-oxononanoate synthase
Flavodoxin
Molybdopterin binding motif, CinA N-terminal domain
Type I restriction-modification system, DNA-methyltransferase subunit M
Type I restriction-modification system, restriction subunit R
Type I restriction-modification system, specificity subunit S
Type III restriction-modification system DNA endonuclease
Type III restriction-modification system methylation subunit
CRISPR-associated protein, Csn1 family
AT P-dependent DNA helicase Rep
AT P-dependent DNA helicase UvrD/PcrA
DNA-cytosine methyltransferase
Endonuclease IV
Phosphoglycolate phosphatase
Regulatory protein RecX
SOS-response repressor and protease LexA
✓
✓
✓
✓

EC 2.1.1.37
EC 3.1.21.2
EC 3.1.3.18
EC 3.4.21.88

✓

✓

✓
✓
✓

2.1.1.72
3.1.21.3
3.1.21.3
3.1.21.5
2.1.1.72

EC
EC
EC
EC
EC

✓

✓
✓

✓

✓
✓

✓

✓

✓

✓
✓
✓
✓
✓
✓
✓

✓
✓
✓

✓

✓

✓

✓
✓

✓
✓

✓

✓
✓

✓
✓

✓
✓
✓
✓
✓
✓
✓
✓
✓

EC 2.7.7.1
EC 2.3.1.47

EC 3.6.1.13

EC 6.3.3.3
EC 1.1.1.1
EC 2.7.1.50
EC 2.1.1.-

EC 2.3.1.47
EC 2.6.1.62
EC 2.6.1.62

EC 4.2.1.70

EC 2.7.9.1
EC 3.6.1.EC 2.1.1.-

EC 3.2.1.-

EC 2.1.1.171
EC 2.4.2.17
EC 3.1.4.-

EC 2.1.1.72

EC 5.3.1.EC 3.5.1.108

EC 2.4.1.EC 5.1.3.13
EC 4.2.1.46
EC 2.7.7.33
EC 2.7.7.24
EC 2.4.1.-

✓

✓
✓
✓

✓
✓

✓

✓
✓

✓
✓

✓
✓
✓
✓
✓
✓

✓
✓

✓
✓
✓
✓

✓

✓
✓
✓
✓

✓
✓
✓

✓
✓

✓
✓
✓
✓
✓

✓
✓

✓

✓
✓
✓
✓
✓
✓
✓
✓
✓

✓

✓
✓

✓
✓
✓
✓

✓
✓
✓
✓
✓
✓
✓

✓
✓
✓
✓

✓

✓
✓
✓
✓

✓
✓
✓
✓

✓
✓

✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
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Potassium homeostasis

Potassium metabolism

RNA Metabolism

Respiration

Regulation and Cell signaling

RNA processing and modification

Biogenesis of c-type cytochromes

Electron donating reactions

AT P synthases

Protein folding
Stringent Response, (p)ppGpp metabolism
Stringent Response, (p)ppGpp metabolism
HPr catabolite repression system
Programmed Cell Death and Toxin-antitoxin Systems

Protein degradation

Protein biosynthesis

Phosphate metabolism

Phosphorus Metabolism

Protein Metabolism

Phages, Prophages

Pyrimidines

Purines

Detoxification

Ammonia assimilation

Cation transporters
Uni- Sym- and Antiporters

ABC transporters

Ton and T ol transport

Phospholipids

Isoprenoids

DNA uptake, competence
Sporulation
Fatty acids

Phages, Prophages, Transposable elements, Plasmids

Nucleosides and Nucleotides

Nitrogen Metabolism

Membrane Transport

Fatty Acids, Lipids, and Isopreids

Dormancy and Sporulation

DNA replication

Uracil-DNA glycosylase, family 1
Uracil-DNA glycosylase, family 4
AT P-dependent DNA helicase RecQ
Replicative DNA helicase (DnaB)
Single-stranded-DNA-specific exonuclease RecJ
DNA topoisomerase III
Protein of unkwn function identified by role in sporulation (SpoVG)
Holo-[acyl-carrier protein] synthase
Dimethylallyltransferase
Octaprenyl diphosphate synthase
1-acyl-sn-glycerol-3-phosphate acyltransferase
Acyl-phosphate:glycerol-3-phosphate O-acyltransferase PlsY
Phosphate:acyl-ACP acyltransferase PlsX
Phosphatidylglycerophosphatase B
Biopolymer transport protein ExbD/TolR
MotA/TolQ/ExbB proton channel family protein
Outer membrane lipoprotein omp16 precursor
Dipeptide transport system permease protein DppC
Oligopeptide ABC transporter, periplasmic oligopeptide-binding protein OppA
Oligopeptide transport system permease protein OppB
Oligopeptide transport AT P-binding protein OppD
Copper-translocating P-type AT Pase
Sodium-dependent phosphate transporter
Glutamine synthetase type I
Glutamate synthase [NADPH] small chain
5-nucleotidase SurE
Adenine phosphoribosyltransferase
GMP synthase [glutamine-hydrolyzing]
GMP synthase [glutamine-hydrolyzing], amidotransferase subunit
GMP synthase [glutamine-hydrolyzing], ATP pyrophosphatase subunit
Guanine deaminase
Phosphoribosylamiimidazole carboxylase catalytic subunit
Phosphoribosylformylglycinamidine synthase, PurS subunit
Xanthine/uracil/thiamine/ascorbate permease family protein
Cytidine deaminase
Cytidylate kinase
Dihydroorotate dehydrogenase electron transfer subunit
Dihydroorotate dehydrogenase, catalytic subunit
Uracil phosphoribosyltransferase
Nucleotidase
Phage tail fiber protein
Alkaline phosphatase
Phosphate regulon sensor protein PhoR (SphS)
Phosphate regulon transcriptional regulatory protein PhoB (SphR)
Predicted AT Pase related to phosphate starvation-inducible protein PhoH
Phosphate transport regulator (distant homolog of PhoU)
Phosphoenolpyruvate phosphomutase
Phosphonopyruvate decarboxylase
Large-conductance mechasensitive channel
Potassium efflux system KefA protein
putative Glutathione-regulated potassium-efflux system protein KefB
LSU ribosomal protein L33p, zinc-dependent
programmed frameshift-containing
tRNA-Pro-CGG
SSU ribosomal protein S18p, zinc-independent
AT P-dependent Clp protease ATP-binding subunit ClpX
AT P-dependent Clp protease proteolytic subunit
Peptidyl-prolyl cis-trans isomerase PpiD
GTP pyrophosphokinase, (p)ppGpp synthetase II
Guasine-bis(diphosphate)-pyrophosphohydrolase
Catabolite repression HPr-like protein Crh
HigA protein (antitoxin to HigB)
AT P synthase F0 sector subunit b
AT P synthase delta chain
AT P synthase epsilon chain
[NiFe] hydrogenase metallocenter assembly protein HypD
[NiFe] hydrogenase metallocenter assembly protein HypE
[NiFe] hydrogenase metallocenter assembly protein HypF
Periplasmic [Fe] hydrogenase large subunit
Cytochrome c-type biogenesis protein CcdA (DsbD analog)
23S rRNA (guasine-O-) -methyltransferase rlmB
FIG146085: 3-to-5 oligoribonuclease A, Bacillus type
Peptidyl-prolyl cis-trans isomerase
Ribosomal large subunit pseudouridine synthase C
Ribosomal large subunit pseudouridine synthase D
Ribosomal protein S12p Asp88 (E. coli) methylthiotransferase
RNA-PO4:RNA-OH ligase
rRNA small subunit methyltransferase H
tRNA (Guanine37-N1) -methyltransferase
tRNA nucleotidyltransferase
tRNA-guanine transglycosylase
tRNA-i(6)A37 methylthiotransferase
EC 2.1.1.31
EC 2.7.7.21
EC 2.4.2.29

EC 5.2.1.8
EC 4.2.1.70
EC 4.2.1.70

EC 2.1.1.-

EC 1.12.7.2

EC 3.6.3.14
EC 3.6.3.14
EC 3.6.3.14

EC 3.4.21.92
EC 5.2.1.8
EC 2.7.6.5
EC 3.1.7.2

EC 5.4.2.9
EC 4.1.1.82

EC 3.1.3.1
EC 2.7.13.3

EC 3.5.4.5
EC 2.7.4.25
EC 1.3.3.1
EC 1.3.3.1
EC 2.4.2.9
EC 3.1.3.5

EC 6.3.1.2
EC 1.4.1.13
EC 3.1.3.5
EC 2.4.2.7
EC 6.3.5.2
EC 6.3.5.2
EC 6.3.5.2
EC 3.5.4.3
EC 4.1.1.21
EC 6.3.5.3

EC 3.A.1.5.2
EC 3.A.1.5.1
EC 3.A.1.5.1
EC 3.A.1.5.1
EC 3.6.3.4

EC 3.1.3.27

EC 2.7.8.7
EC 2.5.1.1
EC 2.5.1.90
EC 2.3.1.51

EC 3.6.4.12
EC 3.1.-.EC 5.99.1.2

✓

✓

✓

✓
✓
✓

✓
✓

✓
✓
✓

✓
✓

✓
✓
✓
✓

✓
✓
✓
✓

✓
✓
✓

✓

✓
✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓
✓

✓

✓

✓

✓
✓

✓

✓

✓
✓
✓

✓

✓
✓

✓

✓

✓

✓

✓

✓

✓
✓
✓

✓
✓
✓

✓
✓

✓

✓
✓
✓
✓
✓

✓
✓

✓

✓

✓
✓
✓
✓

✓

✓

✓

✓
✓
✓
✓
✓

✓

✓

✓

✓
✓
✓

✓
✓
✓

✓

✓

✓

✓
✓
✓

✓

✓
✓
✓

✓

✓

✓
✓

✓
✓
✓
✓
✓
✓
✓

✓
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Virulence, Disease and Defense

Stress Response

Transcription
Cold shock

Resistance to antibiotics and toxic compounds

Osmotic stress
Bacteriocins

Carbon Starvation

tRNA-specific 2-thiouridylase MnmA
tRNA-specific adesine-34 deaminase
tRNA-t(6)A37 methylthiotransferase
AT P-dependent DNA helicase RecG
Cold shock protein CspA
Carbon starvation protein A
Starvation sensing protein RspB
Aquaporin Z
Inner membrane protein CreD-like protein
Beta-lactamase
Cadmium efflux system accessory protein
Cation efflux system protein CusA
Cobalt-zinc-cadmium resistance protein
Cobalt-zinc-cadmium resistance protein CzcA
Macrolide-specific efflux protein MacA
Macrolide export ATP-binding/permease protein MacB
EC 3.6.3.-

EC 3.5.2.6

EC 3.6.1.-

EC 3.5.4.-

✓
✓
✓
✓
✓
✓
✓
✓
✓

✓
✓

✓
✓

✓

✓

✓
✓
✓
✓
✓

✓

✓

✓
✓
✓

Table S1. Gene expression values for carbon utilization pathways.
Expression Values (Log2)
PV1
PV7 TA21
TA26

Putative Product
Glycolysis
ManX
8.25
Pgi
7.44
Pfk
7.62
FbaA
6.45
GapA
11.97
Pgk
7.65
Gpm
6.63
Eno
8.03
Pyk
7.29
Glucuronate Catabolism
UxaC
0.00
UxuB
8.41
UxuA
6.86
KdgK
7.77
Eda
9.74
Xylulose Catabolism
TktA
7.97
TktB
9.86
AraD
11.05
AraB
8.20
AraA
9.12
Rpe
7.23
AraB
8.20
RpiB
7.94
Prs
9.14
Cellulose Catabolism
BglX
8.15
BcsZ
3.87
YcjU
7.26
Pgi
7.44

95

7.84
9.15
0.00
0.00
8.44
8.07
0.00
8.07
0.00

7.80
8.47
6.65
6.74
13.44
7.92
7.23
9.04
6.40

8.78
9.48
10.17
7.80
10.13
8.65
10.10
9.50
6.89

0.00
0.00
7.77
8.83
9.50

12.25
11.75
9.31
11.33
9.27

13.70
10.41
9.85
11.81
8.24

12.26
0.00
0.00
8.49
6.28
8.48
8.49
9.96
9.42

8.41
5.96
0.00
0.00
1.73
6.27
0.00
7.96
10.42

9.80
7.29
5.30
5.06
2.77
8.90
5.06
5.85
11.62

9.11
7.80
0.00
9.15

6.29
8.14
7.86
8.47

10.85
8.45
7.07
9.48

Table S2. Gene expression values for Acetate, Lactate, Malate, and Fumarate.

Putative Product
Acetate
PforA
PforB
PforD
PforG
Acs
AccA
Lactate
LldD
Malate
MaeB
Fumarate
PyrB
ArgG
ArgH
PurB

Expression Values (Log2)
PV1
PV7
TA21
TA26
7.42
7.15
10.07
7.84
8.11
8.58

0.00
12.02
0.00
11.71
10.78
8.84

8.20
7.72
8.33
9.69
6.49
5.99

10.59
8.19
6.68
7.83
7.87
9.36

7.58

6.95

0.00

4.85

7.79

9.75

7.11

8.74

8.10
7.85
8.37
10.48

10.76
10.28
7.96
10.48

9.52
8.45
2.24
7.46

11.69
9.16
7.48
10.33
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Table S3. Gene expression values for Aspartate, Threonine,
Ammonia, Glycine, Glutamine, Arginine, and Proline biosynthesis pathways.

Putative Product
Aspartate
PckA
AspC
Threonine
ThrA1
Asd
ThrA2
ThrB
ThrC
Ammonia
NirB
NifU
Glycine
GcvT
Glutamine
GlnA
Arginine
GltB
ArgA
ArgB
ArgC
ArgD
ArgF
ArgH
ArgG
Proline
ProB
ProA
ProC

Expression Values (Log2)
PV1 PV7 TA21 TA26
8.78
9.27

10.29 10.77
9.94 8.13

9.59
9.16

7.91
8.59
0.00
0.00
5.18

8.88 5.54
6.80 5.19
0.00 6.79
10.05 7.02
9.90 10.55

9.33
6.48
9.04
10.81
8.64

0.00
9.47

0.00
12.00

9.91
6.72

9.62
5.78

0.00

0.00

8.16

9.06

15.22

8.79

8.80

13.74

9.13
7.05
6.90
6.03
6.15
3.74
9.30
7.85

9.27 9.77
9.44 8.88
8.86 6.07
7.83 10.02
0.00 5.36
0.00 8.31
11.51 6.51
10.28 8.45

9.96
8.97
6.76
8.41
8.64
6.02
7.84
9.16

6.36
7.29
7.75

0.00
9.33
8.75

0.00
0.00
7.34
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1.96
0.00
6.87

Table S4. Gene expression values for Isoleucine, Valine, Leucine, Phenylalanine,
Tryosine, and Tryptophan biosynthesis pathways.
Expression Values (Log2)
PV1
PV7
TA21
TA26

Putative Product
Isoleucine/Valine/Leucine
IlvN
7.67
IlvB
11.56
IlvC
9.03
IlvD
10.77
IlvE
7.47
IleS
7.11
IlvE
7.47
ValS
5.27
LeuA
8.34
LeuD
6.44
LeuB
6.96
IlvE
7.47
LeuS
7.80
Phenylalanine/Tyrosine/Tryptophan
AroF
0.00
AroB
6.06
AroD
8.96
AroE
6.59
AroK
6.41
AroA
8.66
AroC
10.29
PheA
6.65
TyrB
0.00
PheA
6.65
TyrA
5.87
TyrB
0.00
TrpE
6.68
TrpGD
6.32
TrpF
7.90
TrpC
6.82
TrpB
7.06
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0.00
9.24
0.00
10.53
8.06
8.19
8.06
8.58
8.83
7.87
8.77
8.06
8.90

7.66
7.49
8.93
6.62
9.49
6.84
9.49
4.58
8.71
6.34
7.97
9.49
6.96

6.98
9.41
10.24
9.24
10.32
8.28
10.32
6.45
8.13
5.99
9.31
10.32
7.25

0.00
8.33
11.03
8.28
8.74
0.00
10.65
7.78
0.00
7.78
0.00
0.00
0.00
8.84
7.57
0.00
9.79

8.28
4.19
0.00
8.93
6.87
9.94
10.45
6.47
10.14
6.47
7.24
10.14
6.50
7.22
6.41
6.05
10.13

6.61
5.36
5.91
8.11
7.15
7.88
8.03
5.71
5.79
5.71
7.40
5.79
6.16
8.81
7.63
6.97
8.88

Table S5. Gene expression values for the Bacteroides Aerotolerance Operon and
Hexuronate catabolism.
Gene

PV1

Bacteroides Aerotolerance
batA
7.68
batB
10.87
batC
6.25
batD
8.91
batE
6.71
Hexuronate Catabolism

exuT
uxaC
uxuB
uxuA
kdgK
kdgA

8.41
6.85
7.77
9.73

PV7
TA21
TA26
Expression Values (Log2)
7.86
9.87
7.89
8.03
9.29

6.28
4.01
4.17
3.49

6.18
5.02
13.50

1.48
NA
1.39
1.84
0.94

7.76
8.82
9.49

11.42
12.25
11.74
9.31
11.32
9.27

12.85
13.70
10.40
9.84
11.80
8.23

NA
NA
0.76
0.76
0.72
1.10
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4.20

Avg. Fold
Change

-

Chapter Five
Conclusions and Future Directions
While animal-microbe symbiosis has become a large topic for research, the inability to
culture most bacteria is hindering. Without being able to culture bacteria, researchers are unable
to use genetic tools to study the interactions between the microbes and the host. The advances in
high-throughput sequencing has enabled researchers to affordably study previously uncharted
symbiotic territory. Prior to the start of this project, many research groups have utilized highthroughput 16S rRNA gene sequencing to discover the composition of the bacterial communities
in many environments, including symbiotic systems (Clawson et al., 2004; Lazarevic et al.,
2009). Some researchers have also started to utilize high-throughput 16S rRNA gene sequencing
to study the prokaryotic communities in the termite hindgut (Fisher et al., 2007; Warnecke &
Hugenholtz, 2007). The termite is an important organism to study because it has a complex
community residing in the gut of protists, archaea, and bacteria, all of which aid in the digestion
of wood, provide nutrients to the termite, and emit substrates of great interest to biofuel
production (Brune, 2014; Zuroff & Curtis, 2012). The goal of my doctoral research was to study
the symbiotic community of the termite, R. flavipes, to provide deeper insight into the roles of
the symbionts.
Prior to this research, a core microbiota for a termite species was not discussed as all
termite symbiotic studies have pooled termite hindguts to create libraries with enough DNA
yield for sequencing. I was able to isolate enough DNA from single hindguts for sequencing
along with the ability to sequence many samples together, which allowed us to study the
microbiota across multiple colonies with replicates and determine a core. It was found that the
microbiota within a colony was homogenous, which has previously been linked to a hypothesis
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regarding nest-mate recognition, which states that the lower abundant microbes in the hindgut
may produce substrates that allow a colony to tell apart nest-mates from intruders (Matsuura,
2001; Minkley et al., 2006). The core microbiota was determined within the hindgut of over 50
termites from multiple colonies in multiple areas and consisted of 69 OTUs in 17 taxa, all
existing in similar relative abundances across all termites, suggesting that the differences
between the microbiota of the termites was caused by the non-core organisms. It was previously
shown that the microbes within termites belonging to different castes differ and thought to be
due to the dietary differences (Cleveland, 1925), which has also been shown in honeybees where
the microbiome clusters according to caste, i.e. males, foragers, nurses, and queens (Kapheim et
al., 2015). The dominant bacteria of R. flavipes, Treponema and Endomicrobia (both protist
associated), drop in abundance in the alate caste, possibly due to the individuals in this caste not
actively feeding on wood. Quantitative PCR (qPCR) of the protist 18S rRNA gene was used to
determine the relative abundance of the two groups of protists (Parabasalia and Oxymonadida) in
the same hindgut samples. The lower abundance of both protist groups in the alate classes
correlates with the decrease of protist-symbiotic bacteria. As the Treponema in the gut can be
free-living and protist-associated, I tried to determine if there were separate Treponema OTUs
present in the different caste samples. Four Treponema OTUs were shown to be present at lower
abundances in the alate caste, suggesting their association with protists. Two OTUs were shown
to have similar relative abundances across four castes, suggesting that they belong to the freeliving population and were not affected by the lowering of protist abundance. This experiment
resulted in the ability to calculate the core microbiota in the hindgut of R. flavipes, provided
further evidence for colony homogeneity, and showed microbial reactions to termite dietary
patterns.
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Knowing that the microbiota of non-feeding castes changes, we wanted to determine
whether the microbiota may also change when termites are fed different diets. In chapter three of
this dissertation, I split a single termite colony into seven groups by diet, all differing in
lignocellulose, hemicellulose, cellulose, and other chemical contents. During this experiment,
other groups published results on the effect of diet on the microbiota, showing that the diet of
multiple species of higher termites is the determining factor in hierarchical clustering of the
microbiomes (Mikaelyan et al., 2015), and the microbiota of termites fed pine, sorghum, corn,
and grass cluster differently on a principal coordinate plot according to diet (Huang et al.,
2013b). As both of these groups show diet as a determining factor of the microbiota, they use
pools of hindguts and limit the study to a single endpoint. The ability to sample single hindguts
allowed us to view temporal changes in the microbiota throughout a period of 56 days. The core
microbiota was shown to remain consistent over time regardless of diet (except the starved group
which eventually died off), but each colony grouped according to diet on a principal coordinate
analysis plot, suggesting the differences in the microbiota among diets are caused by the noncore organisms. Due to the robustness of the hindgut microbiota, of OTU richness and
homogeneity, we were able to train an artificial neural network (ANN) on the system. The ANN
was trained on each sample of the experiment, with one sample per diet left out for validation.
After training, the ANN was used to try to predict the microbiota of a termite fed each diet on a
particular day, and the results were compared to relative abundance values obtained from 16S
rRNA gene sequencing. The ANN was able to predict the overall microbiota with a root means
squared error (RMSE) value of 0.0153 and the majority of bacterial abundances (order level)
within less than 1% difference. The ANN was also used to determine the number of correlations
each taxonomic order had between the other orders in the hindgut by changing the abundance of
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each taxon by ± 5%. Four core taxa had more than seven correlations with other taxa, meaning
their rise or fall in abundance had an effect on the bacteria correlated with them. Nine taxa not
belonging to the core had over seven correlations each, suggesting that the members outside of
the core have a larger effect on the overall population. The low-abundant, non-core taxa had the
largest number of correlations, suggesting these taxa may be drivers of the bacterial community.
The final aim of this dissertation was to study the simultaneously acquired metagenomes
and metatranscriptomes of single protist cells living in the termite hindgut to shed light on the
physiologies of the protists and associated bacteria in vivo. Prior to this research, a
metatranscriptome of the entire hindgut, symbiotic contents and termite tissue, was performed
and was able to show genes for lignocellulose degradation from the termite library and the
symbiont library (Tartar et al., 2009). While this study is powerful and one of the first of its kind,
it left unanswered questions as to which symbionts were performing these functions. There was
also two studies which isolated the endosymbiotic bacteria from the supposed same species
within a single protist, performed multiple displacement amplification of the cells, and
sequenced the genomes (Hongoh et al., 2008a; Hongoh et al., 2008b). For this experiment, five
protist species were chosen based on three criteria: the association with different endo- and
ectosymbionts, different niches in the hindgut, and different taxonomic groups (Parabasalids and
Oxymonads). The protists chosen were Trichonympha agilis, Pyrsonympha vertens, Dinenympha
gracilis, Dinenympha fimbriata, and Dinenympha species II. Draft genomes of the
endosymbiotic bacteria from T. agilis and P. vertens (Endomicrobium sp. TA21 and PV7) were
assembled and compared to eachother and to the free-living Endomicrobium proavitum (genome
previously published, (Zheng & Brune, 2015)). The metatranscriptomes of four protists (two
from each species) were mapped to the respective genome and the expression data were
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compared, showing four carbon utilization pathways being expressed in both species. Fifteen
amino acid biosynthesis pathways were found and shown to be active with varying expression.
One metabolic pathway shown to be different between the two species was the hexuronate
catabolism pathway, breaking down plant pectins to pyruvate. Endomicrobium sp. PV7 is
missing the first two genes, exuT for hexuronate transport into the cell, and uxaC, a uronate
isomerase to begin catabolism. Endomicrobium sp. TA21 maintains these genes and has higher
expression of all genes in the pathway compared to Endomicrobium sp. PV7, suggesting the
ability of Endomicrobium sp. TA21 to utilize plant pectins as a carbon source. Endomicrobium
sp. PV7 maintains the full Bacteroides aerotolerance operon, batI, while Endomicrobium sp.
TA21 is missing the batB gene. Along with the missing batB gene, Endomicrobium sp. TA21 has
close to two-fold lower average expression of the remaining genes compared to Endomicrobium
sp. PV7. The presence of the entire batI operon and higher expression in Endomicrobium sp.
PV7 may relate to the microaerophilic niche of the host protist.
There are many avenues for future work provided by this research. The data presented in
chapter four is a small portion of the data generated from this dissertation. The genomes for
Endomicrobium sp. PV7 and TA21 are of high quality and over 95% complete, but require more
complete annotation, which was found when mapping the transcriptomes to the genomes. The
protist, T. agilis, also has ectosymbiotic Treponema participating in the symbiosis and it has been
shown through electron microscopy by Michael Stephens that there are multiple morphologically
distinct Treponema attached to T. agilis, which creates problems with metagenome assembly. An
immediate future direction is to test a previously performed metagenome assembly pipeline in
attempt to pull out draft genomes of these Treponema (Maltz et al., 2014). Recently, Oxford
Nanopore Technologies has put forth a protocol for whole genome amplification and sequencing
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of small concentrations of DNA, which would allow long-read sequencing for these
metagenomes and may improve assemblies of the ectosymbiotic genomes. I also created libraries
enriched for protist transcripts by amplifying with oligo-dT primers, which will provide insight
on the protist metabolism. I hypothesize that some of the genes missing or not expressed from
the Endomicrobium symbionts may be expressed by the Treponema or even the protist itself,
leading to metabolic complementarity which has been found in other endosymbiotic systems
such as the pea aphid and its endosymbiont, Buchnera (Wilson et al., 2010). Beyond the two
protists in this thesis, there are metagenomes and metatranscriptomes from three other protists
species and their associated bacteria that require analysis.
The research performed in this dissertation provides a deeper understanding of the
microbial community contributing to the betterment of the termite host. The data presented in
chapter two is the first determination of a core microbiota in the termite hindgut. Chapter three
presents the first temporal study of the termite hindgut microbiota in regards to diet with ANN
prediction models showing low abundant bacteria as drivers of the community. The data
presented in chapter four is the first simultaneous metagenome and metatranscriptome study of
single protists and provides insight on the metabolic processes being performed by the protists
and bacteria, a small-scale symbiosis within the larger, overall termite symbiosis. This
dissertation also provides the groundwork for many studies of close-knit symbioses and I hope
that others will use these techniques for other symbiotic systems.
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Appendix I: Analysis, Optimization and Verification of IlluminaGenerated 16S rRNA Gene Amplicon Surveys+*

Author Contributions
This collaborative manuscript was conceptually designed by Dr. Michael C. Nelson, Dr.
Hilary G. Morrison (Marine Biological Laboratories, Woods Hole, MA.), and Dr. Joerg Graf.
Experimental samples were collected by Dr. Michael C. Nelson and myself. I participated in the
DNA extraction and isolation from the collected samples. I prepared the 16S rRNA amplicon
libraries for the V4 and V4-V5 regions of each sample and sequenced them on an Illumina
MiSeq. Sharon L. Grim (Marine Biological Laboratories, Woods Hole, MA.) performed the V4V5 library preparation and sequencing for the samples on a Roche 454 pyrosequencer. Data
analysis for all sequenced samples was performed by Dr. Michael C. Nelson and myself. Dr.
Michael C. Nelson wrote the majority of the manuscript, with aid from Dr. Hilary G. Morrison,
myself, and Dr. Joerg Graf.
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Supplementary methods:
Creation of the V4-V5 specific Greengenes reference files:
Werner et al. [32] previously demonstrated that the use of reference sequences
corresponding to the sequenced hyper-variable region(s) improved the accuracy of referencebased methods such as sequence alignment and taxonomic classification. To create a region
specific reference for this study we took the NAST aligned 97% clustered reference OTUs of the
Greengenes database and located the position of the forward and reverse primers within the
alignment. Using a custom perl script, we cut the alignment based on these positions to excise
the V4-V5 region from the full alignment, including 15 base-pairs up and down stream to ensure
the sequenced amplicons would lie within the reference. Common gap columns were removed
from the extracted alignment to reduce the size of the aligned V4-V5 reference sequence file,
which improves computational efficiency for reference-based alignment and chimera checking.
Alignment characters were stripped from the aligned V4-V5 reference file to produce the
unaligned set of reference sequences that were used for reference-based OTU clustering and
training of the RDP Classifier. This was done initially for the 2012-10 release and subsequently
for the 2013-08 release when it was made available.

Description of QIIME analysis pipelines:
Multiple QIIME processing methods were analyzed in order to determine an analysis
pipeline that optimized both accuracy and processing efficiency of large Illumina datasets. Final
versions of the shell scripts that include the OTU filtering step that we used for running the de
novo (denovo.sh), reference-based (Ref.sh), and RDS (RDS.sh) pipelines are provided as part of
the supplementary material as a single compressed archive (.zip) file (File S2).
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A brief description of each pipeline follows.
De novo processing pipeline: For our initial processing with de novo OTU clustering, the
combined demultiplexed sequence dataset was clustered using uclust at the 97% similarity level.
Representative sequences for each OTU were chosen and then aligned with NAST against the
aligned V4-V5 reference file. The aligned representative sequences were then chimera checked
using ChimeraSlayer against the aligned V4-V5 Greengenes reference described above. Any
OTUs for which the representative sequence failed alignment or were marked as potential
chimeras were excluded from further analysis. Taxonomic assignment of OTUs was made based
on the representative sequence using the RDP Classifier, after retraining it with the unaligned
V4-V5 Greengenes reference and the appropriate taxonomy file as recommended by Werner et
al. [32] A phylogenetic tree was constructed using FastTree as implemented in QIIME from the
aligned OTU representative sequences.
Reference-based processing pipeline: Reference-based OTU clustering was carried out
using the parallel implementation of uclust_ref as implemented in QIIME and the unaligned V4V5 Greengenes reference. Representative sequences for each OTU were chosen from the aligned
Greengenes reference sequence file and alignment characters were stripped to create an
unaligned set or representative sequences. No chimera checking was performed on the referencebased OTUs under the assumption that the reference sequences were non-chimeric. Taxonomic
assignments were made similarly to the method used for the de novo OTU processing pipeline.
Reference plus de novo OTU clustering with chimera checking (RDS): As a large number
of sequences failed to be assigned to a reference OTU, we analyzed a third processing pipeline
that combined parallel reference-based OTU clustering with de novo OTU clustering of the reads
that were not assigned to a reference OTU. The first step of this method conducts parallel OTU
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clustering with uclust_ref against the V4-V5 Greengenes reference. Representative sequences for
the reference-clustered OTU were selected from the aligned V4-V5 Greengenes reference, while
all sequences that failed to be assigned to a reference OTU were then collected into a new file for
de novo OTU picking. Representative sequences for the de novo OTUs were selected from the
collected sequences unassigned to a reference OTU and aligned using NAST against the V4-V5
Greengenes reference and chimera checked using ChimeraSlayer as described above for As for
the de novo pipeline, any de novo OTUs for which the representative sequence failed alignment
were excluded from further analysis. The results of the reference-based and de novo OTU
clustering steps were merged to create a single, unified set of OTUs and aligned and un-aligned
representative sequences. Taxonomy assignment and phylogenetic tree construction were
conducted as described for the de novo pipeline.
For each processing method, beta diversity analyses were conducted after first
normalizing the filtered OTU table to the smallest dataset in the study, excluding the V4V5.I.1
mock community dataset. Per sample analyses of each microbial community were conducted
after creating sample specific OTU tables from the original filtered OTU table. The sample
specific OTU tables were then normalized to the smallest dataset of each sample, again
excluding the V4V5.I.1 mock community dataset.
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Appendix II
The Termite Hindgut Microbiota in Response to a Feeding-Starvation Cycle

Contributions from other researchers
Daniel Golden, an undergraduate researcher in the Graf lab, sequenced the hindgut
samples from a termite feeding experiment that lead to appendix II.
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Introduction
The termite, Reticulitermes flavipes, feeds exclusively on a diet of recalcitrant wood and
relies on its hindgut microbiome for aid in digestion and provision of nutrients. The hindgut
microbiota is made up of eukaryotic protists, bacteria, and archaea (Ohkuma, 2003). It has been
shown that when termites do not feed (in the case of caste molting), they lose their gut protists
and protist-associated bacteria (Benjamino & Graf, 2016; Cleveland, 1925). In chapter three of
this thesis, it was shown that starved termites lost the majority of the dominant bacterial
symbionts, Endomicrobia and Treponema and lower abundant taxa were becoming more
prevalent over time. When plotted in an NMDS plot, it was shown that the starved bacterial
community was different from the bacterial communities of other colonies, which were fed
(chapter 3). This study was performed using three colony-types, constantly fed termites,
constantly starved termites, and rescued termites (fed and starved). We hypothesize that when
termites are starved, their microbiota will change, but that we could recover the microbiota by
reintroducing a food source to the colony.

Methods
A single termite colony purchased from Connecticut Valley Biological Supply Co. was
split into three colonies based on treatment, Fed control, Starved control, and Rescued. Hindguts
were sampled immediately after delivery to develop a starting point for the experiment. The fed
control was maintained on a spruce block and the starved control was maintained on autoclaved
sand only. The rescued colony was immediately starved until day 3, when a block of spruce was
introduced to the colony. Termites were sampled on day 7 and 14 (while fed) then the wood was
removed on day 14. Termites were sampled on day 16 (starved) and then wood was introduced
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on day 17. Termites were finally sampled on days 21 and 28. Fed and starved termites were
sampled each time the rescued termites were sampled. 16S rRNA sequence libraries were
prepared using the V4 hypervariable region according to the protocol in chapter 2 (Benjamino &
Graf, 2016), sequenced on an Illumina MiSeq, and analyzed using Qiime.

Results and Discussion
The goal of this project was to determine whether feeding a starved colony of termites
would recover the hindgut microbiota to that of constantly fed termites. The fed control group
and the rescued experimental group was sampled through day 28, while the starved group was
only sampled through day 10 (due to termite die-off). The graph of the OTU count in each
control group (fed and starved) along with the rescued group separated into the days they were
fed or starved (Figure 1). OTUs with only one read per the entire dataset were excluded due to
the possibility of them being a sequencing error. Although there is no statistically significant
different in the rescued microbiota between being fed or starved, there is a slight pattern where
the mean OTUs in starved termites is lower than fed termites. The lower number of OTUs in the
starved termites coincides with a simpler community, where the bacteria die off and are expelled
from the hindgut due to the lack of a nutrient source.
A Bray-Curtis PCoA plot was created to show different OTUs and their abundances
(Figure 2). The fed control termites are colored in blue, starved in yellow, and rescued in green.
The rescued samples when fed are shown by a filled circle and the samples when starved are
designated by an empty circle. The fed and starved controls are different from each other while
the samples from rescued group lie amongst the fed and the starved control. The rescued termites
when fed seem to be more like the fed samples, whereas the rescued termites when starved seem
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more similar to the starved control samples. This shows that adding a food source to a colony
after three days of starvation is sufficient to restore the hindgut microbiota to that of the
constantly fed microbiota. These results are promising, but since it is a small study it would be
advisable to replicate this experiment to determine if the results are sound.
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Figure 1. Bacterial OTU variation in starved and fed termites. Each symbol on the graph is
representative of the number of OTUs in a single hindgut sample. Fed and starved control groups
are plotted in blue and yellow, respectively. Rescued samples are designated by fed (filled in)
and starved (empty). Although the differences between the groups are not significant, there is a
pattern of starved experimental termites having a lower OTU mean than the fed experimental
termites.
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Figure 2. The hindgut microbiota is rescued when starved termites are given a food source.
PCoA plot of the Bray-Curtis beta diversity metric was performed on fed control (blue), starved
control (yellow) and rescued experimental (green) termites. The rescued group is separated into
days when the termites were sampled after being starved (empty circles) and when termites were
sampled after being fed (filled circles). While the fed and starved controls show separation, the
rescued samples fall amongst the fed controls (when fed) and amongst the starved controls (when
starved).
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Appendix III
Metagenome and Metatranscriptome Sequencing of Five Isolated Protist
Species and their Associated Bacteria

Contributions from other researchers
Michael Stephens isolated the protist cells used in this experiment. Dr. Daniel Gage
quality filtered and trimmed the raw reads.

134

Introduction
It is estimated that over ten species of protists exist in the hindgut of the termite,
Reticulitermes flavipes. The protists are associated with endosymbionts living inside the protist,
and ectosymbionts living attached to the protist. The enzymatic breakdown of the wood meal by
the protists is crucial to the survival of the termite (Tartar et al., 2009). The metabolism of
cellulosic and lignocellulosic particles by the protist is followed by the metabolism of the
associated bacteria. In Chapter four of this thesis, the metabolism of two endosymbionts from
Pyrsonympha vertens and Trichonympha agilis was reported. This study also produced
metagenome and metatranscriptome libraries from three other protist species: Dinenympha
species (DS), Dinenympha fimbriata (DF), and Dinenympha gracilis (DG).

Methods
Four protist cells for each species were isolated and the DNA and cDNA was
simultaneously amplified with random hexamer primers using the Repli-g WGA/WTA kit
(Qiagen) according to standard protocol. For one protist from each species, oligo-dT primers
were used in the amplification of cDNA to select for protist transcripts. Metagenomes were
sheared to 550bp using a Covaris M220 ultra-sonicatorÔ and metatranscriptomes were sheared
to 350bp. WGA and WTA samples from D. gracilis were too low for standard shearing and
library preparation. These samples were sheared to 200bp and libraries were prepared using the
NEBNext Ultra II Library Prep Kit for Illumina. Sequencing libraries were created using the
Illumina TruSeq Nano DNA Library Prep Kit and sequenced on three runs of an Illumina
NextSeq (2x150bp), yielding 290.09 Gbp of sequence data.
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Raw Illumina reads were combined for each sample and paired. Illumina adapters and
homopolymeric runs were trimmed from the paired reads, and a quality filtering using a Phred
score of q15 was applied. Contaminating sequences were removed by mapping the raw reads to
the genomes of possible contaminants. Ribosomal RNA (rRNA) reads were removed from the
transcriptome datasets.

Results and Discussion
Thirty-five libraries in total were sequenced, fifteen metagenomes, fifteen
metatranscriptomes, and five metatranscriptomes enriched with oligo-dT primers. Overall, the
WGA and WTA libraries of each isolated protists yielded a high number of reads, with few
samples being unusable. Dinenympha gracilis samples yielded the lowest number of reads and
additional sequencing would be required for analysis. Two metagenomes resulted in high-quality
draft genomes and transcriptome analysis was performed on four WTA samples from
Pyrsonympha vertens and Trichonympha agilis (chapter 4). Draft genome assembly of the
remaining samples and metatranscriptome analysis of the associated WTA samples will provide
insight into the metabolic capability of these protists and their symbionts. Utilizing the oligo-dT
enriched WTA samples will allow us to perform the first known gene expression analysis of the
protists in the hindgut specifically.
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Table. 1 Sequencing output of thirty-five samples from five protist species.
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